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SUMMARY 
This work originated from the suggestion made by Mr. J. D. McColl, 
Engineering Director of GEC Rectifiers Limited, that insufficient 
knowledge existed about the problems of turning off series-connected 
thyristors, particularly under forced commutation. Widespread 
high voltage application of forced commutation was then, and still 
is, some years ahead. The thesis puts fon, 7ard methods which have 
been devised for ensuring satisfactory thyristor turn-off in this 
context and suggests Some poSS4b! e future trends in application. 
Individual tbyristor turn-off characteristics are first studied 
together with the equivalent diode characteristics. The difficulties 
of using thyristors in series for hig', voltage working are described 
and the limitations of the conventional resistive-capacitive voltage 
sharing network discussed in relation to forced commutation.. 
Three forms of improved voltage sharing network are presented 
together with developments which use these in suitable combination. 
All have been tested with series-connected thyristors operating in 
a high voltage force-commutated choppcr circuit. The advantages and 
disadvantages, and a design procedure, are given for each form of 
network. The two most appropriate voltage sharing arrangements are 
applied to the series thyristors and diodes in a high voltage, 
variable frequency d. c. chopper, and their overall influence on 
chopper performance is considered in detail. 
Owing to the possibility of cascade failure when many semi- 
conductor devices are connected in series, extensive component 
damage can result from circuit malfunction or incorrect component 
connection. Great care has therefore. been necessary in the design, 
construction and checking of the high voltage experimental equipment. 
It is concluded that the voltage sharing methods devised make 
possible forced co=utation of thyristors at high voltages and do 
not, in themselves, provide the practical constraints on system 
performance. The methods are compared on a technical and economic 
basis. 
Possible future applications are reviewed, with particular 
emphasis placed on the transformation of d. c. at high voltages 
using chopping techniques. Other problems which must be solved 
before such applications become realisable outside the laboratory 
are outlined and suggestions made for future work. 
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CHAPTER I 
INTRODUCTION TO'THE'THESIS 
1.1 BACKGROUND 
The upper limit of peak repetitive voltage rating for thyristors 
now commercially available is about 4kV; consequently series 
connection is usually adopted when the operating voltage exceeds one 
to two thousand volts. It seems unlikely that, in the near future, 
a 'single thyristor capable of withstanding upwards of a few tens of 
kilovolts will become available. The solution of problems associated 
with the operation of thyristors in series, of which*turn-off is 
the most outstanding, is therefore likely to be of long term benefit 
for very high voltage working. 
The main application at present is the high voltage d. c. 
converter, where the traditional mercury arc rectifier valve in each 
arm of a three-phase bridge connection is being superseded by a stack 
of series-connected thyristors The rectifiers are commutated 
(i. e. sequentially switched off) by the a. c. line voltage, this 
being termed natural commutation. Generally the rate of fall of 
forward current in the outgoing rectifier is limited to a low value 
by the appreciable inductance of the a. c. supply system and trans- 
former. 
The alternative method of commutation- termed forced or 
artificial - whereby auxiliary circuitry is used to quench the 
rectifier current rapidly to zero, has been little used with mercury 
2 
arc valves owing to the increased stress imposed and the consequential 
2,3 
greater likelihood of arcback Thyristors, however, demonstrate 
no such phenomenon, and forced commutation is widely used at voltages 
below 1000V in choppers and inverters operating on a d. c. supply. 
A-capacitor usually serves as the commutating energy source'and 
additional passive circuit components control the thyristor stresses 
to an acceptable level. 
Forced commutation of a few thyristors in series is being 
considered by various workers for chopper control of d. c. traction 
motors at line voltages up to RV 
4' 5)6,7 
There is, at the moment, 
no use made of forced commutation at very high voltages but, looking 
into the future, a number of possible applications can be envisaged 
which could radically extend the scope of high voltage d. c. working. 
1.2 OBJECTS OF THE, INVESTIGATION 
The basic objective has been to devise satisfactory methods 
of ensuring a reliable turn-off, together with a safe distribution 
of voltageacross scries connected thyristors under forced commutation. 
The principles involved are the same as with natural corm-nutation, but 
the more arduous turn-off conditions imposed on the thyristors 
usu . ally render inadequate the conventional voltage sharing networks 
8,9 
. 
Initially it was considered that each series thyristor might 
be turned off separately by its own commutating capacitor and 
auxiliary thyristor, instead of using a voltage sharing network and 
turning off the thyristor string as a complete unit. However, it 
became apparent that additional components would be required to 
3 
aid voltage sharing, and that no better performance would be gained 
to justify the added complexity. Additionally, the advantage of 
being able to uprate existing low voltage circuits for high voltage 
working, by the substitution of a series thyristor unit for a single 
tbyristor, provided a powerful incentive for discarding the individual 
turn-off idea. 
The detailed objectives therefore became: 
(a) To establish voltage sharing networks which give satisfactory 
turn-off and safe voltage distribution for the series 
thyristors with forced commutation. 
(b) To ascertain the relative merits of these voltage sharing 
networks in the context of possible applications. 
(c) To fully prove and define the limitations of the best of 
these networks for a specific application by using them on 
all series thyristor strings and, suitably adapted, on all 
series diode strings. 
(d) To consider the possible future application of force- 
commutated series thyristors and further problems which 
require solution. 
1.3 ADOPTED PROCEDURE 
An inves'tigation into thyristor turn-off behaviour is a first 
requirement. This, together with comparable diode behaviour is 
coverdd. in Chapter 2. The series operation of thyristors is con- 
sidered in Chapter 3. Experimental results illustrating the turn-off 
4 
performance of the conventional resistive-capacitive voltage sharing 
network are quoted to justify the reasoning given and to provide 
a basis for later comparison. The chapter conclu . des with a discussion 
of the disadvanta-es of the network for forced commutation and a 
statement of the fundamental precepts by which improvement may be 
effected. The main circuits which are to be investigated for doing 
this are included. 
The next three chapters each report an investigation into a 
particular form of improved voltage sharing network, these being 
distinguished by the components used. Chapter 4 describes the, use 
of an additional series magnetic component, and Chapter 5 deals with 
added parallel magnetic components. The use of parallel voltage 
regulating diodes, both without and with resistive-capacitive com- 
ponents, is discussed in Chapter 6. Each chapter contains an 
analysis with experimental verification of the sharing network 
operation at turn-off, and states its advantages and disadvantages. 
The experimental results relate to operation of the sharing networks 
on a test string of twenty series thyristors in a constant frequency 
(5014z), 5kV chopper circuit which provides suitable force-comnutated 
turn-off. A design example for each form of network is given in 
Appendix III. 
The two simplest and most suitable improved voltage sharing 
networks for the application are compared in toto in Chapter 7 by 
considering their performa'nce in a 5kV d. c. chopper capable of 
controlling 60kW over a range of 50-200OHz. The high upper frequency 
was chosen in order to subject the thyristors, diodes and sharing 
5 
networks to a severe duty. Additionally, the influence of voltage 
sharing components on main chopper operation, on output voltage 
and on efficiency are considered. 
The conclusions to the thesis appear in Chapter 8, together 
with a discussion of the possible future applications of force- 
commutated thyristors at high voltages. Other associated technical 
problems are described and this leads to suggestions for future 
wori. 
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CHAPTER 2 
THYRISTOR TURN-OFF CHARACTERISTICS 
2.1 INTRODUCTION 
This discussion of thyristor turn-off characteristics serves 
as a preparation for the later chapters. It is written from the user's 
viewpoint and consequently only methods of measurement which can be 
applied to the complete thyristor, as manufactured, have been adopted. 
These measurements have been made in order to obtain first hand 
experience of thyristor turn-off behaviour and to provide data for 
the design of the voltage sharing networks which follow. Typical 
results are given. 
I 
It is appropriate also to consider diodes in this context, 
since they exhibit similar switching effects to thyristors. These 
effects are relevant to their sharing of reverse voltage when they 
are operated in series. 
2.2 THYRISTOR TURN-OFF TIME 
The thyristor is a three-electrode, four-layer p-n-p-n device 
(Figure 2.1) which operates as a latching switch. When anode- 
cathode voltage is applied, the thyristor will not conduct, apart 
from avery low leakage, providing its voltage rating is not exceeded. 
Forward conduction is initiated (turn-on), with positive anode- 
cathode voltage applied, by a triggering signal which takes the 
7 
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gate electrodepositive relative to the cathode. Once main conduction 
is ýestablished (i. e. the current has risen to the latching, or 
10 
holding, value ), the gate loses control and its signal may be 
removed. Cessation of forward current flow and a return to the 
forward blocking state (turn-off) must then be induced by using the 
main anode-cathode circuit. 
Turn-off time is defined as the time required for the thyristor 
to achieve forward blocking capability after forward current has 
ceased to flow. It is measured from the current and voltage wave- 
forms (Figure 2.2) obtained by operating the device in a turn-off 
11,12 
time measuring circuit . These waveforms may differ from those 
which apply in practice, but should be representative for applications 
where turn-off time is important. Turn-off time may be divided into 
two parts (Figure 2.2): the reverse recovery time trr and the 
10 
recombination time . These are considered in the following sections. 
2.3 DEVICE CONSIDERATIONS 
The two stable conditions of thyristor fon-yard anode-cathode 
bias are: 
(a) The fon, 7ard conducting state, in which the forward biased 
emitter junctions (J1 and J3 in Figure 2.1) inject excess 
minority carriers into the'base regions nI and P2- 
These carriers maintain the central junction J2 in a state 
-of reverse breakdown, charge flow through the device then 
being relatively unimpeded and the fOrward voltage drop low. 
9 
(b) The fon7ard blocking state, in which junction J2 performs 
the blocking function; J1 and J3 are again fonqard biased. 
Turn-off is the action of switching the thyristor from condition (a) 
to condition (b). There are two ways of doing this: by interrupting 
the forward current using external switching, or by the application 
of a reverse anode-cathode voltage. 
The first method, termed starvation turn-off, is slow because 
the required decay of internal stored charge must take place purely 
by recombination. The speed of turn-off under reverse anode-cathode 
bias depends largely on the rate of fall of forward current. If the 
series inductance is large, as is usual. with a. c. line commutated 
rectifiers, the internal recombination can 'follow' the slow rate 
of current fall, leaving little or no stored charge at current zero. 
Turn-off time is then short, but the overall commutation time is 
long. Where the series inductance is small, this being typical of forced 
commutation applications, little recombination occurs during the 
rapid fall of current. A substantial current reversal then occurs 
which removes a proportion of the total stored charge (Figure 2.2). 
This results in the fastest turn-off. 
Only the main features of the turn-off mechanism under reverse 
anode-cathode bias will be given, the details can be found elsewhere 
10,11,13,14 
Figure 2.1 shows a typical distribution of minority 
carriers in the thyristor base regions at various instants after 
turn-off has been initiated at to. The timings shown also relate- 
to those of Figure 2.2. After current zero, wi. th J2 forward biased, 
minority carriers in bases nl and P2 drift back across junctions 
10 
J, and J3 respectively, and are replaced initially by carriers crossing 
J2, This carrier flow constitutes the reverse storage current which 
is limited only by the external circuit resistance. Layer nj is 
lightly doped compared with p2 so that the electron flow through J2 
into p2 soon drops and the excess carrier concentration in P2 falls. 
J3 then commences to build up its depletion layer and block vol. tagc 
at tj, and reverse current decays from its peak value Irp- J3 is 
usually designed to avalanche at a low reverse potential of about 10V 
Thus, a reduced reverse current continues to flow, which facilitates 
removal of the. heavy concentration of minority carriers in the 721 lilyer, 
the thyristor reverse voltage remaining constant at the J3 avalanche 
value. At t2 the depletion layer of junction il commences to build 
up, and at t3 the thyristor-withstands the full. reverse voltage, 
most of which appears across J1. The reverse current has now decayed 
to zero (neglecting leakage) and reverse recovery is complete. The 
substantial remaining hole concentration near J2 must be allowed 
time to fall, by recombination, to a very low level which is insufficient 
to induce breakdown of J2 when forward voltage is re-applied. 
From the foregoing, it is clear that thyristor turn-off performance 
is controlled mainly by the minority positive carriers in the lightly- 
doped nj base layer. If the lifetime of these carriers is Tp, the 
total excess hole charge Qf with forward current If flowing is given 
approximately by 
10 14 
Qi p 
if 
When turn-off is initiated, if reverse current flow is neglected 
Il 
the excess charge must decay purely by recombination. The excess 
charge q at any subsequent instant is then given by 
Qf' t/-r pI 
then q. mTpIf e- 
t/T 
P. 
. 
(2.2) 
For the device to withstand a re-applied forward voltage, the 
excess cliarge in nj must have decayed to a value less than that 
corresponding to the holding current I Letting this be h* 
Qh (ý TP1 11 
) and the (turn-off) time required be T off' 
then 
Qe -Tof f 
/Tp 
hf 
Therefore Ih ý If 0-Toff/Tp 
f I and Toff = Tp kn (YIýh (2.3) 
The implied assumptions of forward current falling at an infinite 
rate, and zero reverse recovery current flow, result in equation (2.3). 
giving a high value of turn-off time. 
For a fast turn-off, the minority-carrier lifetime Tp should be 
small (equation 2.3). Unfortunately, the usual manufacturing 
technique for reducing the value of -r p 
has practical limitations owing 
to other properties, notably voltage blocking capability and forward 
15 
voltage drop, being-adversely affected .A compromise is therefore 
necessary. 
12 
2.4 CIRCUIT CONSIDERATIONS 
The external circuit establishes the electrical environment in 
which the thyristor operates. It influences the turn-off time, the 
reverse recovery characteristic and the level of any parasitic 
transients generated by reverse recovery current flow. 
10,11,12,15 
Thyristor turn-off time increases with 
(a) increase of forward current If, because this produces 
more excess charge; 
(b) increasing rate of fall of fomard current 01 jT 
1-1off] 
owing to the reduced recombination during 
current fall; 
(c) increasing junction teaerature, which increases lifetime; 
(d) increasing amplitude and slope dV/dt of the re-applied 
forward blocking voltage. Higher amplitude leads to 
increased field strength across J2 junction, giving 
greater possibility of the avail-able minority carriers 
inducing depletion layer breakdown. High dV/dt can 
produce sufficient injection from emitter junctions JI 
and J3 to cause switch-on. 
Turn-off time may increase if the period of forward current flow is 
insufficient for the. thyristor to fully turn on across the complete 
silicon wafer area. This is due to the. development of a local hot 
spot near the gate. Under these circumstances, the gate drive applied 
at turn-on can assume great importance at turn-off. 
13 
The qu'antity of removed charge Qr likewise increases with the 
above factors (a), (b) and (c). 
The effect of increasing the reverse voltage is to decrease 
the reverse recovery time and therefore the turn-off time; Qr is 
increased. The peak reverse current I rp 
is increased, leading to a 
more rapid decay of reverse current and a possibly serious increase 
in the short-duration transient e. m. f. induced across any inductance, 
17 
stray or added, in series with the thyristor . Thisl'hole-storage 
voltage . spikeis felt across the thyristor in addition to the applied 
reverse voltage, whose value it can exceed by many times, and 
destruction of the device may result. Diodes behave in a similar 
18)19 
way 
Appreciable values of inductance must frequently be included 
in series with the thyristors to limit di/dt at turn-on. The 
accepted practice for suppression of the resulting hole-storage 
voltage transient is to use a capacitor connected across the thyristor 
(or diode). A resis tor is usually required in series with the capacitor 
to prevent excessive thyristor dissipation at turn-on, and to dampen 
the ri nging between the inductance and capacitance. 
2.5 TURN-OFF TIIIE MEASUREMENT 
2.5.1 Measuring circuit 
The variation of turn-off time to be expected with widely 
varying thyristor reverse voltage is of particular interest with series 
operation. For these measurements, very low reverse voltages are 
14 
obtained by'connecting voltage-limiting diodes in parallel with the 
test thyristor. 
The circuit used for measuring turný-off time (Figure 2.3) is 
12 
based on that of Dyer and Houghton . Full component details are 
given in Figure 1.1. Appendix I also gives the thyristor gate pulse 
timing circuit and pulse amplifier circuit. The test thyristor is 
supplied from four separate sources, each fed from its own variable 
voltage a. c input and incorporating a rectifier with reservoir 
capacitor. The forward current amplitude source feeds constant 
current of the required magnitude through the air-cored inductor 
L. Thyristor Th: and the test thyristor are gated together. Ulien as 
they turn on, the greater voltage of the forward current supply 
source results in its taking over the inductor current supply, the 
current magnitude remaining unchanged for the duration of the test 
thyristor current pulse. Test thyristor turn-off is produced by 
gating Th r which applies 
the required reverse voltage. After a 
controlled delay, forward blocking voltage is applied by gating 
Thf. Turn-off time is measured from the CRO waveforms (Figure 2.4) 
by advancing the forward blocking voltage wave to the 'limit where 
-the thyristor just turns off. 
This circuit provides independent variation of the forward 
current, reverse voltage and forward blocking voltage. Thyristor 
anode current pulses of 50ps at a 50Hz repetition rate are used to 
avoid. heating the thyristor by conduction and switching loss. This 
pulse width allows complete turn-on for the sma. 11 thyristors tested. 
As sufficient data is provided for later needs, the effect of temper- 
15 
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Figure 2.4: Oscillograms of turn-off time 
measuring circuit waveforms. 
(a) Test thyristor current, (20A/cm, 10ps/cm). 
(b) Test thyristor voltage, (50V/cm, 10ps/cm). 
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Measuring circuit - Figure 2.3 
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ature rise on turn-off time has not been measured. 
2.5.2 Measured results 
The variation of measured turn-off time with forward current 
for three thyristors of the same type, 'all selected for fast turn- 
off, is Shown in Figure 2.5. As expected, turn-off time increases 
with fon7ard current increase, but results show that it falls with 
increasing 11off , which apparently contradicts point 
(b) in Section id t 
L 
2.4. This occurs because 
doff 
could not be controlled independently dt 
of the applied reverse voltage which therefore must be increased to 
provide a higher rate of current. fall. The resulting decrease in 
r everse recovery time then b ecomes dominant. 
It is evident that turn-off time is much more a property of 
the individual thyristor than a function of circuit conditions, 
provided dV/dt triggering is absent. By doubling the reverse turn- 
off voltage, turn-off time is decreased by about 10%; only a 13% 
increase results when the forward current is increased by a 
factor of three from the mean rated value. 
The effect of severe reverse voltage. limitation on turn-off 
time is shown in Figure 2.6 for the fastest and slowest thyristors 
(1) and (3) previously. tested. The ultimate restriction is to 
block the reverse recovery current and apply zero reverse voltage. 
This can be accomplished by using a fast recovery diode in series 
with the. test thyristor together with a small saturating reactor 
to block the low reverse current of the diode. *It is expected that 
the lon-est turn-off times will then result (curves (d)). This docs 0 
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Figure 2.5: Variation of thyristor turn-off time with forward 
current. 
Three. thyristors - Westinghouse, type CS22E (10A, 10OV). 
(a) Reverse voltage ý 45V, 
Idil 
30A/ps dt 
off 
(b) Reverse voltage = 90V, 60A/ps 
VFBO 90V, dV/dt = 90V/ps, Ts, 21 0C 
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Figure 2.6: The effect on turn-off time of restricting the 
thyristor reverse voltage. 
Thyristors - Westinghouse, type CS22E (10A, 10OV) 
(a)' Reverse voltage = 90V 
(b) Reverse voltage limited to 8V (by zener diode) 
(C) 1V (by one diode) 
(d) zero, reverse current blocked. 
V 90V, dV/dt 90V/11's, 60A/ps, T= 21 0 C. FBO dt 
off 
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not apply to the fastest turn-off thyristor (1) however, the reason 
being that the small decrease in 
Idil 
produced by the saturating dt 
off 
reactor allows appreciable recombination during the forward current 
fall. 
It is significant that, prov iding 
Idil 
remains constant, dt 
off 
turn-off. time is increased very little by limiting the reverse 
voltage until this is reduced to a very few volts (c. f. curves (b) 
and (a)). Even with blocked reverse current, only a 40% increase 
is registered for the slowest turn-off thyristor (3). It can-be 
concluded, therefore, that the turn-off time of very fast turn-off 
thyristors is little affected by a wide variation of reverse voltage. 
1 
2.6 MEASUREMENT OF REMOVED REVERSE RECOVERY CHARGE 
2.6.1 Methods of measurement 
It will be shown in Chapter 3 that when a number of thyristors 
are connected in series, the sharing of the reverse turn-off voltage 
is. dependent on ýhe amounts of charge Qr removed from the thyristors 
during reverse recovery. Prior measurement of Qr for each device 
under representative circuit conditions is therefore necessary. 
The same applies to diodes. 
Measurement If Qr can be made in a number of ways. A repetitively 
operating turn-off circuit allows measurement of the time-integral 
of the reverse recovery current to be made from the CRO waveform. 
A simpler method uses a single-shot circuit whicý can conveniently 
be operat. ed manually. Direct measurement of Qr is obtained by 
21 
connecting afast recovery diod6 in series with the test thyristor, 
with a close tolerance, low leakage capacitor and high impedance 
20 
voltmeter across the diode . This measuring circuit, together with 
the modification required for diode measurements, is given in Figure 
1.4 and further described in section I. l(d). 
2.6.2 Measured results 
The measured variation of Qr for the thyristors (1) and (3) 
is shown in Figure 2.7. Values of 0.5 and 4.111s have been obtained 
for the minority-carrier lifetimes of these thyristors (see section 
2.7), and the total stored-charge Qf (= TpIf) lines are draim in. 
It is apparent that a reducing proportion of the total charge is 
extracted during reverse recovery as the fonqard current If is 
increased. The ratio Qr/Qf is approximately 50% for the slower 
recovery thyristor (3) at 25A with the highest rate of fall of 
current (plot (a)). 
With constant reverse voltage applied and' 
di halved by 
Idt 
off 
doubling the turn. -off circuit inductance, Qr. is decreased by some 
20-25% for thyristor (3) (plots. ( a) and (b), (c) and (d)); by 
halv . ing the reverse voltage . with 
Iýdditloff 
maintained constant, Qr is 
decreased by approximately 7% (plots (b) and (c)). These results 
lead to the important inference that the reverse recovery charge 
is considerably dependent on the rate of fall of forward current; 
it is, however, little affected by reverse voltage level, provided 
this 'is sufficient to establish a depletion layer at both J1 and J3 
junctions. 
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Figure 2.7: Thyristor reverse recovery charge measured on the 
manually-switched test circuit (Figure 1.4). 
(a) Reverse voltage, = 10OV, 
dil 
= 40A/, ps 
Idt 
off 
(b) NOV, It = 20A/lis T= 21 0C 
(c) 50V; it = 20A/ps 
s 
(d) 50V$ = 10A/jýs 
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1f reverse voltage is restricted such that only J-3 depletion 
layer builds up, the step in the reverse recovery current waveform 
(Figure 2.2) is removed and Irp is reduced. The resulting reduction 
of QrI measured from the CRO waveforms with reverse voltage restricted 
to 1V, is demonstrated in Figure 2.8. The presence of the voltage- 
limiting, inverse-parallel connected diode prohibits the use of the 
manually-operated measuring circuit. The results of Figure 2.8 can 
only be taken as approximate. 
The measured quantity of charge Qr removed from diodes during 
reverse recovery varies in a generally similar manner to that from 
thyristors (Figure 2.9). This is to be expected because Qr is 
influenced by the same circuit factors. The two diodes tested are 
standard general purpose components, and exhibit considerably higher 
values Of- Qr than do the fast turn-off thyristors (Figure 2.7). 
2.7 MEASUREMENT OF THYRISTOR n-BASE MINORITY-CARRIER LIFETIME, 
It has been shown that thyristor turn-off time and removed 
reverse recovery charge are both fundamentally controlled by the 
minority-carrier lifetime Tp. This parameter can be estimated from 
two turn-off properties of the thyristor: the reverse recovery 
characteristic and the turn-off time itself. 
Only the second current decay in, the reverse recovery 
characteristic (Figure, 2.2) is of significance for determining T P* 
If this decay is assumed exponential, it has been shown by Lcbedev 
13 
and Uvarov that, when. -the density of acceptori-. iri the. p--basc is 
appreciably greater than that of the donors in the n-base) the time 
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Figure 2.8: Thyristor reverse recovery charge with restricted 
reverse voltage measured from fi dt on the CRO. 
(a) Reverse. voltage unrestricted 50V 
(b) limited to 1V (by one diode) 
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Figure 2.9: Diode reverse recovery charge measured on the. 
manually-switched test circuit (Figure 1.4). 
Two diodes, (1) TAG type MPIOO (40A, 100OV) 
(2) IR type 25G100 (25A, 100OV) 
(A) Reverse voltage = 20OV, 
ýdij 
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off 
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constant of the decay is equal to the lifetime Tp of the holes 
in the n-base. Owing to the stepped nature of the waveforM, Tp 
cannot be measured accurately from a CRO. 
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A better method , developed for the purpose of this thesis, 
uses measured turn-off times. It is arrived at by writing equation 
(2.3) in-the form 
off ýpzn 
(I 
f)-Tpkn 
(I 
h)- 
(2.4) 
Assuming the holding current Ih to be constant, TP is obtained by 
plotting values of measured turn-off time at various forward currents 
If to a base of kn (I f 
). The slope of the resulting straight line 
gives T P, 
Using this technique for the fastest and slowest turn-off 
thyristors ((l) and (3))'previously tested, the lifetime values are 
0.5 and 4.1ps respectively (Figure 2.10). 
Equation (2-4) allows only for recombination during turn-off, 
thus making it important that the turn-off time is measured with the 
reverse recovery current blocked. The measurement is performed with 
a fast recovery diode and a small saturating reactor connected in 
series with the thyristor (section 2.5.2). 
2.8 MEASUREMENT OF DIODE n-BASE MINORITY-CARRIER LIFETIME 
As there can bd no question of turn-off time measurement with 
p-n junction diodes, the reverse recovery characteristic must be 
used for lifetime measurement. A number of methods are available 
and Ehose which have been found useful are outlined below. 
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Figure 2.10: Determination of thyristor hole minority- 
carrier lifetime Tp. 
Zero reverse voltage, reverse current blocked. 
Idil 
50A/ps, V 90V, dV/dt = 90V/ps, T 21 
0C 
dt FBO s 
off 
28 
The chief problem in making measurements on thd CRO is the 
interpretation of the reverse recovery current waveshape. The 
idealised waveform is given in Figure 2.11(a), while that relating 
to the two diodes tested is shown in Figure 2.11(b); the latter 
22 
corresponds to an overdriven reverse bias condition. Kuno derives 
the following expressions for the various time components given in 
the wavef orms: 
when not overdriven (Figure 2.11(a))., 
+ (2.5) f 
[n[l 
+ Iýro] n(l Tf- 
Jj 
when overdriven (Figure 2.11(b))., 
t RC Z 
n( 
1 +. 
'rp 
11 
(1 TF)-l 
(2.6) 
00 J[ 
In both cases, the decay time is 
t 2-3 
r0 (2.7) 
+T /T rf 
where -if is the constant relating the total instantaneous excess 
forward charge and forward current, and T similarly relates reverse r 
charge and current. -It will be assumed that these two constants 
are both equal to the minor ity-carrier lifetime T P* 
Ro and Cj are 
the turn-off circuit resistance and diode junction capacitance 
respectively. 
The above equations may be used in two ways. to determine T P 
The various current and time components shown in Figure 2.11(b) 
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Figure 2.11: Diode reverse recovery waveforms 
(a) When not overdriven 
(b) When overdriven 
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are established by test under various drive conditions. Firstly, 
neglecting Irp. % ts is plotted to a base of kn(l + IfI. Iro) as 
shown in Figure 2.12. The resulting slope gives Tp (equation 2.5). 
Secondly, t0 is plotted against kn(l + Irpl, f)) the slope giving 
RoCj (equation 2.6). RoCj is then used with td in equation (2.7) to 
obtain Tp (= Tr ý Tf). For the diodes tested, ROCJ << Tp; there- 
fore from equation (2.7), 
Tp= 0-87t-d, approximately. 
- 23 
Kao and Davis show that very simple relationships exist 
between -c p and ts, assuming the 
idealised waveform of Figure 2.11(a). 
These relationships depend on how hard the diode is driven by reverse 
voltage; in particular, if . the maximum reverse current is equal 
to the fonqard current, then 
1-25ts * 
(2.8) 
Applying-this to the overdriven waveform (Figure 2.11(b)), with 
the reverse voltage adjusted to give Irp ý If for each setting of 
If, giv es measured values of t,, which are sensibly constant. 
The average values of, T p obtained 
by using the above three 
methods of measurement are quoted in Table 2.1, and are in acceptable 
agreement. Other methods have proved to be not so effective. For 
18,19,24 
example, a number of-authors conclude that when liloff is dt 
very high, (i. e. Irp If), recombination can be neglected, and 
hence all the stored charge is removed. 
Then 
Qr ý TpIf . 
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Figure 2.12: .. Determination of 
diode minority-carrier lifetime Tp. 
Diodes' (1) TAG type MP100 (40A, IOOOV)' 
(2) IR type 25G100 (25A, 1000V) 
I= 20A, constant; reverse voltage, I and 11off are variable; ro dt 
0 Ts = 21 C. 
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Method of 
Measured lifetime (ps) 
measurement 
Diode (1) Diode (2) 
Kuno*. 5.5 9.0 
Equation(2.5). 
Kuno. 
Equations(2.6)and(2.7), 
4.5 9.8 
Kao and Davis: 
Equation (2.8). 
5.. 3 9.8 
Table 2.1: Measured values. of diode minority carrier lifetime -r p 
Diode (1), - TAG type MP100, (40A, 100OV). 
Diode (2) - IR type . 
25G100, (25A, 100OV). 
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Applying this result to the graphs of Figure 2.9, condition Irp lf 
holds at very low forward currents, and the initial (maximum) slope 
should give Tp. However, the values so obtained for the two diodes 
are approximately double those of Table 2.1. 
2.9 GENERAL COMENTS 
The characteristics given in this chapter illustrate the thyristor 
and diode behaviour at turn-off. Some differences may be expected 
with other, perhaps larger, types of these devices, but the same 
bas ic principles are applicable. It is fortunate that reverse voltage 
does not have a great influence on turn-off time and on removed reverse 
recovery charge. Hence, previously measured values of these parameters 
can be used with confidence in the design of voltage sharing networks, 
in the knowledge that they are going to be little altered by the 
sharing network's performance. 
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CHAPTER 3 
THE OPERATION OF THYRISTORS IN SERIES 
3.1 INTRODUCTION 
-erences in a Thyristors of the same type exhibit wide diff 
number of characteristics which are particularly important to their 
sharing of the total applied voltage when connected in series, These 
are listed below: 
(a) Differences of leakage impedance result in uneven steady- 
state and, low-frequency blocking voltage distribution. 
I 
(b) Differences of anode-cathode capacitance produce uneven 
transient voltage distribution. The effective capacitance 
comprises the stray inter-electrode capacitance in parallel 
with the'internal depletion layer capacitance of the thyristor. 
The latter is voltage-dependent25. 
(c) Differences of turn-on. time produce an excessive forward 
voltage transient across those thyristors which are slower 
to develop forward conduction. These devices then trigger 
by fon-7arcr breakover. This is not usually damaging to the 
thyristor, provided its increased internal switching 
dissipation is not excessive. Turn-on by this method is 
not recommended, however. 
- (d) Differences of reverse recovery time lead to excessive 
reverse voltage across the faster recovery thyristors. 
35 
If this exceeds the reverse voltage rating, - failure of 
the device is-likely unless it is of the controlled 
avalanche type, in which case it must be suitably derated. 
(e) Differences of thyristor turn-off time may lead to some 
devices failing to accept-re-applied forward blocking 
. voltage, 
3.2 STANDARD TECHNIQUES 
3.2.1 The basic voltage sharing network 
The basic network usually adopted for improving thyristor 
voltage sharing is shown in Figure 3.1. Its operation is well 
covered in the literature and it ha-s been widely used, 
sometimes with m6dification, for a. c. line commutated applications 
26,27,28,29 
at very high voltages . The reiistive-capacitive. 
(R-C) 
components are used across series connected diodes to counteract 
voltage mis-sharing produced by the effects of (a), (b), and (d)_ 
listed in section 3.1, which are applicable to the reverse biased 
condition. 
3.2.2 The functions of ser . ies inductor L 
In'practice, L may be stray or a component added to aid voltage 
sharing. Its purpose can be fourfold. Firstly, it controls the di/dt 
31 
of fast-rising anode currents at turn-on Secondly, the L-R-C com- 
bination. controls, if necessary, the rate of rise of forward blocking 
voltage to avoid dV/dt triggering of the thyristors (section 2.4, 
36 
I. 
.1 
R 
R 
R 
Figure 3.1: Basic R-C voltage sharing network 
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para (d)). Since C is usually large, it has no effect on the initial 
(maximum) dV/dt at zero voltage. Then, 
maximum thy'ristor dV/dt 
vFR 17 
(3.1) 
L 
Again in conjunction with the R-C components, L limits the 
transient fon. 7ard overvoltage across the slow turn-on thyristors. 
It is advantageous with series thyristors to use heavy gate drive 
to minimise any turn-on time difference Aton' which will then be 
only a very few microseconds. As C is large, the current flow round 
a slow. turn-on thyristor during At on 
is controlled largely by L and 
R. Assuming the worst case of just one sl ow turn-on thyristor, the 
voltage applied across. its R-C components and L in series is VF (1 - 1/n), 
where V is the forward line voltage. 
.F 
. 
Then, 
maximum 
di VF1 
Assuming this di/dt to be constant over short interval At on) 
ýhe peak of the voltage transient across the slowest turn-on 
thyristor AV F 
is given by 
AV di At R F dt on 
R At (3.2') "VF 
on 
(I - ýLl) 
The above is based on the simplifying assumption of instantaneous 
collapse of forward blocking voltage, and is often sufficient in 
practice. For greater accuracy, the suTpzned differences of previously 
measured. thyristor anode-cathode volt-second areas Should be used for 
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17 (VF 
At 
on 
(I - I/n) 
) in equation (3.2) 
Finally, L reduces the rate of fall of forward current at turn- 
off, leading to a reduction of removed reverse recovery charge. 
The series inductance must be sufficient to satisfy any or all 
of the first three requirements if necessary; the effects of reverse 
recovery charge can be largely controlled by the parallel components 
(see section 3.2.4). Added inductance values are typically 
between twenty and a few hundred microhenries. The use of non-linear 
inductors is considered later. 
3.2.3 The function of shunt resistors R 
Resistors R improve the steady-state and low irequency voltage s 
distribution. Rs usually has a value of about one tenth of the 
minim um thyristor leakage impedance 3,10,30, and hence swamps any 
inequalities. 
3.2.4 The functions of shunt capacitors C 
Capa. citors C perform a. number of duties. They improve transient 
voltage distribution, and dV/dt distribution, by swamping the device 
ano'de-cathode capacitance and stray capacitance to earth. The 
presence of R is, however, detrimental to this function. 
It is at turn-off that the capacitors fulfil their most onerous 
role. The high, hole-storage voltage spike induced across L by 
the abrupt cessation of reverse recovery current. flow (section 2.4) 
is botý reduced and distributed evenly along the string by the 
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capacitors. The R-C branches across the faster reverse recovery 
thyristors provide a current path for the reverse recovery. current of 
the slower thyristors and, ideally, prevent excessive voltages 
appearing across the former. The final voltage unbalance with the 
capacitor chain charged to the full reverse voltage is dependent on the 
differenceý of removed thyristor reverse recovery charge and the capacit- 
ance of C. Obviously, by making C very large, the voltage unbalance 
can be minimised, but this has its disadvantages. Device selection can 
only economically be used to provide thyristors having parameters of 
reverse recovery time and charge Qr within a restricted range, so that 
t. he choice of capacitors C is still governed by this. consideration 
8'9' 10 ' 17 ' 
30 
(see section 3.3.1). Typically, C lies between 0.1 and l. OpF in practice, 
though if reverse recovery current effects were absent, 0.01-0.0510 would 
usually be adequate. 
3.2.5 The functions of shunt resistors R 
Resistors R basically perform two functions. They damp any 
oscillation between inductor L and capacitors C when the thyristor 
blocking voltage is applied. R is essential for limiting thyristor 
dissipati on at turn-on when the capacitors, charged by the forward 
blocking voltage, discýarge round the local loop formed by the 
switching. thyristor. It also serves to damp any oscillation caused 
by local loop inductance at turn-on. 
The value of R should be as low as possible due to its adverse effects 
on voltage*sharing performance, Equations (3.1) and (3.2) show that R 
greatly controls the forward blocking dV/dt and turn-on overvoltage. Its 
effect at turn-off is discussed in the next section. Values of 20-100 ohms 
are usual. 
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3.3 VOLTAGE SHARING CONSIDERATIONS AT TURN-OFF 
3.3.1 Reverse voltage distribution 
The time constant C(R s+ 
R) of charge equalisation for 
capacitors C in the resistive-capacitive chain is usually very much 
longer than the commutation interval with forced commutation. Hence, 
the effect of Rs on the voltage distribution during turn-off is 
very small, and its presence will be neglected. Ulien reverse voltage 
is applied to the thyristor string to initiate turn-off, the thyristorsý 
block in the order of their reverse recovery times. Capacitors C 
should be large enougli to satisfy three conditions: 
(a) The impedance presented by the operative sections of the 
R-C chain to the reverse current flow of the slower 
recovery thyristors, must not impair their reverse recovery. 
(b) The final reverse voltage across the fastest reverse 
recovery thyristor, with the capacitors of the R-C chain 
fully charged, must not be excessive. 
(c) Sufficient reverse voltage must be impressed across the 
slowest reverse recovery thyristor to at least turn it off. 
. 
The prediction of individual thyristor voltage, using reverse 
recovery charge concepts, is made as follows. Let Q be the 
rl 
minimum removed charge'from the-fastest reverse recovery thyristor 
(No.. I) in the string, and Q r2' 
Qr3*' etc. be successively increasing 
valu&s. from thyristors 2 and 3 respectively to a maximum of Q rn 
from 
the slowest n 
th 
thyristor. When the latter has just blocked, the 
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reverse voltage across the fastest recovery thyristor is (Q rn-Qri 
)/C. 
If the R-C chain is further charged to'the full reverse line voltage 
VR, each capacitor gaining additional voltage Vr11 equal to that finally 
across the slowest recovery thyristor, the final reverse voltage V 0r 
across any thyristor having a removed charge Qr is given by 
Qrn - Qr 
VrCV 
rn 
(3.3) 
For 'the fastest recovery thyristor, 
V 
Qrn - Qrl 
+V 
ri C rn 
AQrmax 
+V (3.4) rl rn 
The total reverse voltage V across the string is the sum of the R 
individual thyristor reverse voltages, that is 
v=1 'Qrn-1 + AQ 
rn-2 + ... 
AQ 
rp. -(n-IL]) 
+ nV rn R ý,; *F 
v AQ + nV r rn 
(3.5) 
Basing the choice of C on a given allowable maximum value of 
V 
ri , and assuming 
the worst possible condition of one fast recovery 
thyristor and all the others equally slow (AQ rn-2 ý 
AQ 
rn-3 etc. = 
0), 
then. equations (3.4) and (3.5) give 
(n - 1) AQrmax 
C 
nV rl -vR 
(3.6) 
For a given value of C, the extreme thyristor voltages V rl and 
42 
V 
rn , which 
are of chief interest, can be obtained by using the average 
thyristor voltage V /n and the average of the removed charge values R 
Qrav* Equation (3.5) can be expressed 
[n 
+ nV rn 
Qrn - lQjr 
Substituting nQ rav 
for ýQr gives 
VRQ (3.7) 
TF v rn n 
ýrn 
raj 
Using this equation with equation (3.4) gives 
vR+ 
1F 1. 
(3.8) 
rl nC 
Qrav - Qr] 
In addition to the unbalance of final steady reverse voltage. 
across the thyristors, the faster reverse recovery thyristors 
experience a reverse voltage spike produced by the. flow of slow 
thyristor reverse recovery current through the parallel R component. 
The magnitude and duratioý of this spike depends on the spread of 
the thyristor reverse'recovery characteristics and the, value of R. 
3.3.2 Forward blocking voltage distribution 
When the forward blocking voltage V F' 
is applied to the string 
after turn-off, a charging current flows throughithe series 
capacitors, each receiving the same charge q, where 
LV+V 
n[ F R] 
Hence', the final forward voltage Vf following reverse voltage Vr 
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across any one thyristor is 
v+V 
n( F R] 
The maximum forward voltage therefore occurs across the slowest 
reverse recovery thyristor which has experienced minimum reverse 
voltage (i. e. Vr-V rn 
). This is a disadvantage from turn-off 
considerations because this thyristor has the longest turn--off 
time. 
3.3.3 The effect of a2plied voltage waveform 
The ideal voltage-sharing network would produce, across each 
thyristor, a replica of the applied string voltage waveform having 
th (1/n) of its magnitude. For all waveforms except that having a 
step applied forward blocking voltage, any uneven reverse voltage 
distribution results in the reverse bias time of the faster recovery 
thyristors being increased and that of the slower thyristors reduced, 
in comparison with the reverse bias time of the string. ' As the 
latter thyristors have the longest turn-off time, the disadvantage 
of this is obvious. Figure 3.2 demonstrates the effect with four 
waveshapes met in practice, 'the thyristor peak reverse voltages 
being, spread between maximum and minimum values V rl and 
V 
rn 
respectively. 
This effect is of particular importance in applications 
where the reverse voltage is variable. Satisfactory turn-off must 
be taken as that where all thyristors in. the string turn-off u. nder reverse 
bias. Therefore the allowable minimum value of Vrn is governed by the 
turn-off time of the slowest recovery 
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thyristor. Considering the linear voltage waveform (Figure 3.2(b)) 
of slope a, then, m 
allowable minimum V rn = aT off . 
Equation (3.5) can be used to define the corresponding allowable 
minimum 'string voltage V R* 
3.3.4 Thyristor string derating factor 
It is the usual practice to include more thyristors in series 
than would be indicated by a simple division of the repetitive 
peak string voltage by the repetitive peak voltage rating of the 
thyristors. This is to allow for a degree of uneven ýroltage 
distribution , for reverse voltage spikes (sections 3.2.4 and 3.3.1), 
and for any line-borne transients. In h. v. d. c. practice it is also 
usual to provide some built-in redundancy - that is, to allow for 
failure of a small proportion of the thyristors - so that the thyristor 
tvalve' may remain in service until it can conveniently be withdrawn 
for replacements to be made. To facilitate quotation of the over- 
voltage allowance made in this way, a string voltage derating factor 
is frequently used, this being defined as 
Maximum repetitive voltage across the string 
S. nx thyristor repetitive voltage rating 
Typical values of fsaI re between 0.25 and 0.5. Alternatively, the 
29,32 
inverse of fs may be quoted as a safety, or design, factor 
In order to provide-a basis for demonstrating the voltage sharing 
performance produced experimentally by the different arrangements 
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considered in this thesis, an experimental voltage derating factor 
will be defined in terms of the measured peak string voltage V sm 
and the measured maximum peak thyristor voltage (including any spike) 
V 
tM . 
As both forward and reverse voltage distributions must be 
quoted separately, two experimental voltage factors, f fm and f rM 
respectively, are required; V sm and 
V 
tM are measured 
in the appropriate 
direction. Then, 
f (or f)= 
sm 
fm m nV tm 
A). --value bf unity for f fiý or f rm 
indicates perfect voltage equalisation. 
Letting the thyristor voltage for this condition be VV hi) tm sm 
gives 
v 
f 
fm 
(or f 
rm Am 
v 
tm 
(3.12) 
Vtm will be the average thyristor voltage with uneven distribution 
provided the individual thyristor voltages sum to the total value 
across the string. This holds for final steady voltages but not 
for spikes. 
3.4 EXPERIMENTAL RESULTS 
3.4.1 Test circuit 
The circuit used-for investigating voltage sharing network 
turn-off performance (Figure 3.3) is a modified version of a well- 
known d. c. chopper circuit. It has its operatifig sequence timed 
to coincide with the peak of each positive half-cycle of the a. c. 
-I 
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supply voltage. Series diodes DS block the negative half-cycle 
and also allow the energy stored in L., when thyristors Thl are 
turned off, to boost the commutating capacitor Cc voltage from the 
1500V supply peak to 5kV. The latter appears as the fonqard blocking 
voltage across Thl. Only the main circuit components are shown 
together with the R-C voltage sharing networks across di6des DSIý D2 
and turn-off thyristors Th2. The voltage sharing networks for 
the test thyristor string Thl are omitted since they are described, 
where appropriate, in this and the following chapters. 
The operating sequence is as follows. Th2 is first gated to 
charge Cc. Thl is then gated and it conducts two current components: 
an approximately exponentially rising load current supplied from the 
source, and a commutating capacitor charge reversal current 'Elowing 
through L2 and D2, the latter blocking the current after one 
oscillatory half-cycle. Th2 is gated to turn off Thl after 550ps 
conduction and Cc discharges and recharges positively through RV LVI 
Th2 and the supply, thpreby receiving its voltage boost. Component 
details appear in Appendix I and the circuit is fully analysed in 
Appendix II. 'Oscillograms of Th, current and voltage I for the test 
conditions employed are shown in Figure 3.4. 
3.4.2 Results obtained 
The basic resistive-capacitive voltage sharing network of 
Figure 3.1 gives the voltage sharing performance depicted in Table 3.1. 
Thyristor leakage is small enough to allow R to'be dispensed with, s 
and no. series inductor L is necessary due to the thyristor di/dt, and 
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overvoltage, at turn-on being controlled by Lk and L2. Figure 3.5 
shows plotted valu es of measured individual thyristor voltages. 
Throughout the investigation, thyristor voltage measurements 
have been made from the CRO waveforms by using two Tektronics type 
P6013 high voltage probes supplying a type Z differential amplifier 
unit plugged into a type 555A Tektronics oscilloscope. Since probe 
tolerance seriously reduces the amplifier common mode rejection 
ratio, the readings quoted are always the average of the two obtained 
by connecting the probes alternate ways into the amplifier. An 
accuracy of ±5V is the best that can be expected for the individual 
thyristor steady peak voltage measurements; the accuracy for spikes 
is lower. Current waveforms are obtained by using a clip-over probe 
(Hewlett Packard type 1110A), with the associated amplifier (type 1111A). 
3.5 DISCUSSION OF EXPERIMENTAL RESULTS 
The results of Table 3.1 show that, with the high values of C 
used, the magnitude of the reverse voltage spike across the fastest 
recovery thyristor (section 3.3.1) depends solely on the value of R 
(c. f. row (a) with rows (b) and (c)). This is reflected in the values 
of f rM . 
Comparison of rows'(a) and (b) with row (c) illustrates the 
more uniform steady peak voltage distribution produced by the larger 
capacitors C. The reverse voltage extremes are much less diverse and 
the maximum forward volta*ge is lower, giving a higher value for f fm* 
The predicted steady peak voltages (using equations 3.3,3.4 and 3.5) 
agree*well with bhose measured. The required vaiues of removed 
reverse recovery charge Q, previously measured under similar circuit r 
cz, 
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(b) Components as Table 3.1, row (b) 
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53 
conditions by the manual circuit (section 2.6.1), are given in 
Table 1.1. 
The dependence of the steady peak reverse and fonqard voltage 
distributions on the value of C is further demonstrated by Figure 
3.5 which shows measured voltage plotted against AQ r 
Qrmax - Qr) 
for each-thyristor. The graphs realistically express equations (3.3) 
and (3.9), the slopes of both forward and reverse voltage plots being 
approximately l/C in each case. 
3.6 DISADVANTAGES OF THE BASIC R-C HARING NETWORK 
3.6.1 Voltage sharing performance at turn-off 
Týe two inadequacies of the R-C network in fulfilling its 
voltage sharing function with forced commutation have been discussed 
in the previous section. Summarised, these are: 
(a) A possibly large, uncontrolled reverse voltage spike is 0 
generated across the faster reverse recovery thyristors. 
This defines the required thyristor reverse voltage rating. 
(b) Approximately uniform steady reverse and forward voltage 
distribution can only be achieved by using a relatively 
large value of C. Apart from space and cost considerations 
this has disadvantages which are described in the following 
sections. 
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3.6.2 Voltage sharing network losses 
The sharing network losses occur principally in components RS 
and R. The total loss P Sr 
in resistors Rs is given by 
(r. m. s. string voltage)2-- PsnR watts. (3.13) 
s 
In order to determine the total energy loss WR per cycle in 
resistors R, let AV be any variation of final thyristor reverse 
voltage from the mean value VR /n after reverse recovery. The 
subsequent forward voltage will also'differ from the average value 
by the same amount AV, but in the opposite sense. Assuming a 
normal distribution, where the mean voltage is equal to the median 
value between the extremes, then the total energy loss becomes 
R+ 
AV 
VF 
C AV] 
=*. 
c 
V2+V2 
R 
(VR 
2+VF2 
R 
. 
2C 
. -ý 
AV2 
-1 X (Qrav - Ql) 2- (3.14) 
The two separate components of energy loss in equation (3.14) 
are firstly, that which represents loss under equalised voltage 
conditions. and secondly, the additional loss caused by uneven 
voltage distribution. Neglecting voltage. unbalance, the energy 
loss is proportional to capacitance C. The added loss due to 
unbalance is inversely proportional to C. Reduýing C therefore, 
reduces the total loss but increases the loss component caused by 
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uneven distribution, which may then amount to about 10% of the total. 
The energy loss is independent of the value of R. The power loss 
(W 
Rx f) 
is proportional to frequency; typical values of C there- 
fore prohibit the use of high operating frequencies if excessive 
voltage sharing network loss is to be avoided. 
3.6.3 Drain of commutating energX 
With force-commutated applications, the R-C networks across 
the thyristor and diode strings can produce a serious drain of 
energy from the commutating capacitor. The re sult is a lowering of 
the reverse biasing voltage across the thyristors and a reduction of 
circuit output voltage. The drain occurs in two parts: 
(a) By exponential discharge through resistors Rs during 
thyristor and diode blocking periods. The effect is 
worst at low operating frequencies. 
(b) Due to the charging requirement of capacitors C during 
build-up of blocking voltage. Each time a chain of 
voltage sharing capacitors is charged by the commutating 
capacitor Cc, tbe, voltage of the latter falls to a 
fraction 
C-C 
of its previous value. The product 
of all such factors, as required by the operating cycle, 
allows for the overall voltage drop from this cause. 
The drop may be partially offset by some capacitor chains 
discharging into the c6mmutating capacitor. 
Only consideration of the particular circuit will allow detailed 
calculation of these voltage drops. This is done for the application 
56 
studied in Chapter 7. 
It is appropriate to consider here the charge drawn from the 
commutating capacitor when it is switched across a thyristor string 
to reverse bias it for turn-off. The charge flow has three 
components: 
(i), that which cancels the forward current; 
(ii) that which supplies the thyristor reverse recovery 
requirements; 
(iii) that which charges the sharing capacitor C chain. 
Neglecting the stray capacitance to earth and the minute flow 
through resistor R during the few microseconds interval, the charge s 
flow through any one thyristor and its parallel voltage sharing 
components is constant. If the commutating capacitor voltage 
falls from an initial V RO to a final value VR when reverse voltage 
has built up across the string, and assuming 
Idil 
to be constant, dt 
off 
then for the fastest (No. 1) reverse recovery thyristor, 
cc (V -v2 ýLl +Q+ cv (3.15) RO R) f! 
/Idtloff 
rl ri 
For the-slowest (n th ) recovery thyristor, 
Cc(VRO - VR) ý. "! If 
2+Q 
rn 
+ cv (3.16) 2 
/ldt 
rn 
Qoff 
Subtracting these equations gives the relationship between maximum 
and minimum thyristor voltages expressed in equation (3.4)- 
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3.6.4 Refinements of the basic R-C network 
The basic R-C sharing network (Figure 3.1) has been developed 
considerably in order to reduce some of its disadvantages, particularly 
26)27j28 
for application to the h. v. d. c. thyristor 'valve' . The 
refinements have usually taken the form of dividing the. L, C and R 
components into a number of smaller units, each fulfilling its own 
particular duty in the overall voltage sharing scheme, thereby 
obtaining increased effectiveness and, perhaps, efficiency. 
The introduction of many more components is likely to reduce 
the'reliability of the equipment, which makes these networks 
unattractive. In addition, they are unlikely to be satisfactory at 
high coi=utating frequencies on account of their losses. 
3.7 METHODS OF IMPROVING TURN-OFF PERFORMANCE 
The prime reason for uneven thyristor reverse voltage distribution 
at turn-off is that the series devices produce. differing amounts of 
reverse recovery charge. There are, in principle, two methods of 
i approach for improving turn-off performance: 
(a) 13y use of an added series switching component to block 
reverse recovery current flow by holding off reverse 
voltage from the thyristors until their internal excess 
charge has recombined. 
(b) 
'By 
use of additional shunt components which will allow 
full. charge removal but control the leVcl of reverse (and 
if necessary, fongard) voltage build up across the thyristors. 
58 
Any method of achieving better voltage distribution should not 
significantly increase thyristor turn-off time and should produce 
little additional drain on the commutating capacitor. 
The main voltage sharing networks which have been produced by 
this investigation are shown in Figure 3.6. Minor variations to 
these will be described where appropriate in the later chapters. All 
the networks are suitable, sometimes with modification, for use wil: 11 
series diodes. Those networks which utilise magnetic components 
in addition to R-C components (Figures 3.6(a), (b) and (0) have 
already been reported by the author 
9,21 
The novelty of the series saturating reactor SR (Figures 3.6(a), 
and (g)) lies in basing its design on the reverse recovery process 
I (para (a) above). It is primarily intended for use with R-C com- 
ponents (Figure 3.6(a)). However, although unnecessary from voltage 
sharing considerations, it introduces advantages when used with 
parallel- voltage regulating diodes (Figure 3.6(g)), and has been 
used in this way in the final experimental assessment (Chapter 7). 
The circuits of Figures 3.6(b) to (g) utilise additional 
parallel components in themanner of para (b) above; these comprise 
parallel transformers and voltage regulating diodes. The latter 
may allow the R-C components to be dispensed with. Parallel- 
connected voltage regulating diodes have been mentioned as a suitable 
10 
means of equalising series thyristor voltage distribution , though 
there is only a little evidence of them being employed in high power 
33 
equipment An important and difficult problem is to establish 
the required regulating diode power rating. This is discussed in 
Chapter 6. 
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CHAPTER 4 
VOLTAGE SHARING BY SERIES SATURATING REACTOR AND SHUNT R-C COMPONENTS 
4.1 INTRODUCTION 
Parallel components are necessary to operate in conjunction with 
the series saturating reactor at thyristor turn-off and to perform 
the other required voltage sharing functions. Shunt resistive- 
capacitive components arp retained here (Figure 3.6(a)). 
The saturating reactor SR functions as a switch (section 3.7, 
para (a)). If switching could be perfect, SR would prevent any 
removal of reverse recovery chargb. Then, on application of the 
reverse voltage to the thyristor string, uniform voltage distribution 
would resul t. 
4.2 SWITCHING ACTION OF THE SATURATING REACTOR 
The operation of the saturating reactor is most easily illustrated 
by reference to its magnetisation (B-H) characteristic shown as core 
flux (D plotted against magnetising curkent im. The idealised shape 
(Figure 4.1(a)) has horizontal saturated regions at flux levels ±(Ps. 
SR, when operating in these regions, offers zero impedance to current 
flow; this represents the closed position of the switch. The open 
switch situation is provided by operation in the vertical unsaturated 
region, which gives infinite impedance. 
The idealised operation of SR is as follows. With the fo'rward 
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thyristor current flowing, the core is saturated at +(Is. Mien 
reverse line voltage is applied to effect turn-off, the forward 
current drops to zero and SR, blocking the voltage, is magnetised 
negatively from +4DS to -4)S. The time required is dependent on the 
volt-second rating of the reactor and the applied reverse voltage 
waveshape, where 
SR volt-second rating =fe dt of the applied voltage 
and 
34 
SR volt-second (V-s) rating = 2N (D s 
N is the number of turns on SR. The time taken for SR to magnetise 
from +4). to -, Ds should be sufficient to allow complete recombination 
I 
of the thyristor internal excess charge. Ou negative saturation 
the reverse. voltage is applied to the thyristor. string. A time 
delay in the application of forward voltage to the thyristors when 
they are next gated may similarly occur, but this depends very much 
on the shunt voltage sharing components and on the applied forward 
voltage waveform (see section 4.3). 
A more practical form of magnetisatign characteristic is 
shown in Figure 4.1(b). The slightly rounded characteristic gives 
a retentivity flux Vr < ýDst and the switching from the unsaturated 
- to the saturated state is not instantaneous. A sinall current 
is 
required to magnetise the core. This imperfect characteristic has 
some advantages and disadvantages. The low magnetising current flow 
during SR reverse blocking produces a small removal of thyristor 
internal stored charge which leads to some degree of uneven voltage 
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sharing. However, this charge removal assists thyristor turn-off 
which is only slightly prolonged for fast turn-off types when 
reverse recovery current is blocked (section 2.5.2). 
The required properties of the saturating reactor core are that 
it should require a low magnetising force and have a high saturation 
flux dens*ity. This gives a low product of turns and core area, hence 
least core volume. The core should respond to high frequencies. It 
is usual to use square B-H loop cores for switching duty, but this is 
not essential here. In fact, the characteristics of soft iron alloys 
may vary widely with differing applied voltage waveforms 
35,36 
The operation of the saturating reactor will next be analysed 
for two widely-met waveshapes, assuming an idealised core characteristic. I 
4.3 ANALYSIS WITH IDEALISED OPERATION 
4.3.1 Step voltage waveform (Figure 4.2(a))_. 
Consider the commutation sequence to begin with a reverse line 
voltage VR applied to turn-off the conducting thyristors. The 
appropriate instants of time corresponding to the following 
operating sequence are similarly designated ((i), (ii), etc. 
) in 
Figure 4.2. 
(i). Reverse line voltage VR applied, SR blocking. 
SR is magnetised in the reverse direction from +(Ps to 
-4)s for a period given by 
trs 
V-S rating (4.2) 
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(ii) Reverse line voltage applied, SR saturated negatively. 
When SR saturates, the previously uncharged capacitors 
C charge exponentially, *time constant CR being no greater 
than a few microseconds. A voltage VR/n is applied across 
each thyristor. 
(iii) Forward line voltage V. applied, SR blocking. 
SR now resets positively from -4)s' to +I)s. The capacitors 
retain their negative voltage, giving a voltage (VF -ý VR) 
across SR which saturates in a time tfs, where 
. V-S rating tfs VR + VF 
(4.3) 
(iv) Fonqard line voltageapplied, SR saturated positively. 
The capacitors charge exponentially from their initial 
reverse voltage VR /n to a forward voltage VF/n. 
The main points which emerge are that the time taken by SR to 
reset positively represents a delay tfs in applying forward blocking 
voltage to the thyristors, and that the core is suitably magnetised. 
to allow forward thyristor conduction immediately tbcy are next gated. 
4.3.2 Ramp'voltage waveford (Figure 4.2(b)) 
If the initial 'reverse line voltage applied is VRO and the 
slope of the linear vol tage rise is a, at any subsequent instant t, 
the line voltage is (-VRO + at)" 
Reverse line voltage applied; SR blocking. 
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SR saturates negatively in time trs at which instant tae 
reverse line voltage is VRI where 
VR ý- VRO + atrs 
and 
2(V-S rating) trs VRO + VR 
These two expressions give a quadratic equation in trsi 
the solution of which is 
VV2 
trs 
RO RO 
_2 (V-S rating). (4.4) a =a -a 
The higher alternative solution is inadmissible because, 
if SR is to saturate, negatively, trs < VROIa' 
(ii) Reverse line voltage applied, SR saturated negatively. 
Assuming zero time delay while the R-C chain charges 
when SR saturates (time constant CR being very low), 
the individual reverse capacitor voltage is VR/n. As 
reverse line voltage further reduces linearly, the tendency 
is for the capacitors to discharge with a current of 
approximate value Ca/n (R being small). This current flow, 
being positive, is prevented by SR which commences to reset 
positively immediately the capacitor chain is charged to 
voltage V R* 
(iii) Voltage linearly changing positively, SR blocking. 
Since capacitor discharge is prevented, the thyristor string 
voltage remains constant at VR* Negative line voltage is 
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given by (VR - at) and therefore the linearly rising 
voltage at is applied across SR until it saturates in 
the forward direction after time tfs, where 
t -ý(V-S rating). (4.7) fs ý 
ýa 
(iv) Voltage linearly changing positively, SR saturated positively. 
At the instant when SR saturates positively, assuming that 
(trs + tfs) > VRO/a, line voltage will be positive and is 
given by 
V F1 ý at fs -VR 
= a(t rs 
+t fS V RO 
Again, with time constant CR being small, the individual cap- 
acitor and thyristor voltages rapidly change from -V R 
/n to +V F 
/n. 
Subsequently the thyristor voltage increases linearly with the 
line voltage to a final value VF /n across each. 
The main points demonstrated by the analysis are the rapid 
positive voltage rise introduced across the thy. ri-stors when SR 
saturates, which increa: ses the risk of dV/dt triggering, and the delay 
of forward blocking voltage application across the thyristors. 
Here thig delay is (t 
rs 
+t fS -v RO 
/a). Again the core is suitably 
magnetised to allow forward thyristor conduction immediately they are 
next gated. 
Operation with any other voltage waveshýipe which can be expressed 
mathematically may be treated in a similar manner. 
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4.4 THE CHOICE OF SATURATING REACTOR TURNS 
The practical core magnetisation characteristic allows circuit 
operation to be very close to the ideal discussed in the previous 
section. The small magnetising current flow during thyristor reverse 
recovery has little influence on the main circuit operation but 
determines the degree of thyristor voltage mis-sharing. 
An appropriate reverse blocking time t rs 
based on thyristor 
internal excess charge recombination must be first assumed. Since 
internal charge decay is exponential (equation 2.2), a value of three 
to four times the minority-carrier lifetime Tp of the slowest turn- 
off thyristor is suitable for t. Then, when SR saturates negatively, rs 
only approximately 2% of the total excess charge (Qf) can be removed. 
This compares with tip to about 50% charge removal with SR absent 
(Tigure 2.7). The above reasoning is justified by the experimental 
results of section 4.7. 
With trs established, the applied reverse volt- second integral 
fe dt) is obtained from the waveform and, for a suitable core of 
known s. aturation flux 4)s, the required number of turns N is given 
by equation 4.1. 
4.5 PREDICTION OF VOLTAGE SHARING PERFORMANCE 
Before the maximum and minimum thyristor reverse voltages can be 
determined, the reverse recovery charge flow allowed by the saturating 
reac tor must be estimated. It is assumed that ýhe charge removal 
and recombination processes are independent, which is reasonable so 
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long as the reverse current is small. The excess minority-carrier 
charge q remaining in a thyristor at any instant after reverse line 
voltage has been applied to the series thyristor and SR combination, 
will be that left uncombined less that already removed,. that is, 
t 
q= Qf e-t/-rP -f imdt (4.8) 
0 
This equation can only be solved graphically to give the time at 
wh i ch q= 
The charge flow'through SR during magnetisation (fimdt) is 
determined from its core B-H magnetisation characteristic, plotted 
as change of flux density AB against H for the reverse voltage wave- 
form applied. If the reverse voltage VR is constant, dB/dt ('ý VR/N 
x core area) is constant. Neglecting coil resistance and losses, the 
AB axis. can be re-scaled in terms of time change At. With the 11 
axis re-scaled to magnetising current im, the area enclosed by the 
curve to any chosen value of At gives the required fimdt. Hence a 
graph of charge flow against time can be deduced and plotted together 
with the exponential minority-carr I ier decay (Qf e- 
t/T P) to give, at 
the intersection., the time taken for the stored charge to fall to 
zero. Also given is the amount of charge removed before this happens. 
For other than constant reverse voltage, [e. g. as Figure 4.2(b 
the procedure is more involved because the time intervals for assumed 
equal increments of flux density change will not be constant. The 
individual time for each AB. increment must then be based upon the 
mean voltage level during the increment, and hence the incremental 
charge'flow ascertained. 
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Figure 4.3 shows the magnetisation characteristic for one of the 
saturating reactors used experimentally. Figure 4.4(a) and (b) 
shows the derived charge 'let-through' characteristic and the graphical. 
solution of equation (4.8) for the fastest and slowest reverse 
recovery thyristors whose minority-carrier lifetimes have been 
measured. by the method of section 2.7. The difference of the two 
removed charge values so obtained Mmax) can then be used to give 
the estimated reverse voltage difference (6Qmax/C) for these two 
thyristors. For the example given, the difference voltage is 
(1.8 - 0.2)VC/O. lpF, giving 16V. 
To perform this exercise for each thyristor and then use 
equations (3.4) and (3.5) to calculate the extreme thyristor voltages 
-would be excessively laborious. Since the voltage difference is 
small, , it is usually sufficiently accurate to assume the extreine 
voltages equally above and below the average voltage VR/n. Forward 
thyristor voltages are again given by equation (3.9). 
This method of predicting the extremes of reverse voltage 
distribution is directly, applicable to use of the same sharing 
network'-for series diodes. The diode minority-carrier lifetime is 
then measured as described in section 2.8. 
4.6 EXPERIMENTAL RESULTS 
The results obtained with this voltage sharing network, applied 
to the test string of twenty thyristors (Figure 3.3) are given in 
Table, 4.1. The performance of various saturatiný reactors using two 
core materials, a soft alloy HCR tape and a ferrite, is illustrated. 
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Figure 4.3: Magnetisation characteristic for IICR alloy, 
Q. 005in. tape, used for one saturating reactor SR 
core (Table 4.1, row (a)). 
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IT e-t/-c P= 25'x 0.44 e 
-140.44 
0 0.8 -fp 
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Figure 4,4: Prediction of the charge removed froin the fastest and 
slowest reverse recovery thyristors in the test string 
of twenty devices (Table I. 1). 
Voltage sharing co mponents as Table 4.1, row (a). 
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Figure 4.5 shows measured individual thyristor voltages plotted to 
a base of reverse recovery charge difference (previously measured 
without SR) in the same way as Figure 3.5. For ease of comparison, 
plots (c) of Figure 3.5 are repeated as lines (z) in Figure 4.5 to 
represent the results with the same R--C components but with SR 
absent (Table 3.1, row (c)). 
Figure 4.6 shows oscillograms of the test thyristor current and 
line, thyristor string and SR voltage waveforms with the components 
given in Table 4.1, row (a). These components are used also in the 
illustrative design example of section BI. L The oscillograms well 
verify the idealised waveforms of Figure 4.2(b). The individual 
thyristor waveforms are almost identical to that of Figure 4.6(c), 
making due allowance for magnitude. 
4.7 DISCUSSION OF EXPERIMENTAL RESULTS 
The marked improvement in thyristor voltage sharing produced 
by the inclusion of SR is extremely well demonstrated by comparison 
of plots (a) and (c) with lines Q) in Figure 4.5. It is not so 
apparent from a comparison of voltage factors f rm quoted 
in Table 4.1 
with that of Table 3.1, row (c); because the linearly falling reverse 
voltage gives a reduced value of VR across the thyristors when SR 
saturates. The predicted extreme thyristor voltages compare quite 
well with the measured values given in Table 4.1. The greater dis- 
crepancy with the forward voltages is due to slight overshoot. 
of the results obtained with saturating reactors 
of the same volt-second rating but different core types (rows (a) 
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0 
0 
0 
0 
(a) 
(b) 
(c) 
(d) 
Figure 4.6: Oscillograms of current and voltages with the 
R-C plus series SR sharing network. 
(a) Test thyristor Th, current, (20A/cm, 50ps/cmý 
(b) Voltage -across thyristors and SR, 
(2.5kV/cm, 50ps/cmý 
(c) Voltage across thyristor Th, string, 
(d) Voltage across SR, (2.5kV/cm, 50ps/cq. 
Network details as Table 4.1, row (a). Test circuit Figure 3.3. 
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and (c), (b) and (d) of Table 4.1 and plots (a) and (c) of Figure 
4.5) show very little difference in their. performance. The IICR soft 
alloy cores possess a squarer magnetisation characteristic than the 
ferrite core, but this is not shown by the results to be of any great 
advantage. The HCR core, having a higher loss, does provide better 
damping of spurious oscillation. 
It is apparent from Figure 4.4(b) that, owing to the exponential 
nature of the thyristor excess cl iarge decay, there is little to be 
gained by increasing the saturating reactor volt-second rating above 
the value which gives trs ý 4T P, This is illustrated by the results 
(e) of Table 4.1 Mich show only marginal voltage sharing improvement 
compared with rows (a) to (d) inclusive, despite the use of a considerably 
larger saturating reactor. 
Some improvement of voltage sharing is produced whatever the -1 
volt-second rating of the saturating reactor. If it is reduced so 
that saturation occurs before the thyristor excess charge has fallen 
to zero, the resulting increased charge flow becomes thyristor controlled. 
as the depletion layers build up. Some stored charge will. then be 
retained torecombine internally (section 2.3). The method discussed 
(section 4.5) for predicting voltage distribution then becomes invalid. 
Results (f) in Table 4.1 illustrate such a case, where a very small 
saturating reactor is used to control the initial reverse voltage 
spike (Table 3.1, row (c)). 
Apart from capacitor tolerance, the differences between the 
measured and predicted voltage sharing performanqe are due to the 
following possible reasons: 
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(a) The initial assumption of the independence of thyristor 
charge recombination and removal processes may not be 
justified when the internal charge drops to a low value. 
(b) Possible inaccuracy of the core magnetisation characteristic 
and the previously measured minority-carrier lifetime T P* 
(c) The neglect of any charging current for the stray capacitance 
across the saturating reactor. 
(d) Possible inaccuracy inherent in adopting the average 
thyristor reverse voltage VR/n as the base on which to 
superimpose the calculated maximum voltage spread. 
4.8 CONSIDERATIONS OTHER THAN TURN-OFF 
The design of the saturating react -or for turn-off performance 
must not result in mal-operation of the thyristors in other respects. 
The practical core magnetisation characteristic 
(Figure 4.1(b)) 
produces a slow enough switching speed to adequately restrict the 
forward dV/dt across the thyristors., when SR saturates positively 
after turn-off. However, the rounded loop, giving ýPr < 4)s) can 
be troublesome at turn-on. 'After being saturated positively by the 
applied forward blocking voltage, the core flux remains at +or with 
the thyristors blocking until they are next gated. Before the 
thyristors can be fully conducting, the flux must rise to +4)s. 
SR therefore exerts a volt-second withstand of N(4)s - 4)r)' If 
single, short-duration gate pulses are used., difficulty will be 
experienced if the SR prevents the thyristor anode current rising to 
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the latching value before the gate pulse ends. 
This property of the core can be us. efully employed with series 
thyristors to protect the slow turn-on thyristors against over- 
voltage (section 3.2.2). The di/dt control provided is also useful 
in reducing thyristor turn-on dissipation. The ideal characteristic 
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for this-purpose is defined by Paice and Wood . Here this ideal 
may not be approached because SR is designed for turn-off performance, 
but useful thyristor protection"at turn-on is provided. 
4.9 ADVANTAGES AND DISADVANTAGES OF THE METHOD 
The advantages of using a series saturating reactor SR in the 
manner described in this chapter are as follows: 
(a) SR controls the short-duration transients as well as 
the final steady thyristor reverse voltage distribution. 
(b) Transient oscillations due to stray capacitance which occur 
when reverse voltage is first applied are felt across SR, 
not the thyristors. 
(c) SR can also provide thyristor protection at turn-on. 
(d) Depending on the volt-second rating of SR, the re-application 
of forward blocking voltage across the thyristors may be 
delayed (Figure 4.2)'. This automatically allows for the 
small increase of thyristor turn-off time resulting from 
the reduced charge removal (section 2.5.2). 
(e) Thyriptor voltage distribution can be predicted with reason- 
able accuracy.. 
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(f) The available improvement in voltage distribution can be 
traded for a reduction in the value of sharing capacitor 
C, though the capacitor's other functions must be observed. 
(g) The more uniform thyristor voltage distribution results in 
satisfactory thyristor turn-off at much lower revcrse 
. applied voltages. 
The disadvantages are: 
(a) Voltage distribution at turn-off cannot be made quite 
uniform and is still inherently dependent on the value of 
capacitors C. 
(b) The possibility exists of the thyristors failing to turn- 
on with short-duration gate pulses. 
(c) Optimum operation of SR occurs only at the reverse voltage 
for which it is designed. If the reverse voltage is 
lowered, slightly improved voltage distribution results 
though excessive delay in turn-off ibay be introduced. 
Increased reverse voltage worsens the voltage distribution. 
(d) For high power applications, the physical size of SR will 
be large. A number of smaller, nominally identical, units 
may be used in series to give the same total volt-second 
rating. 
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CHAPTER 5 
VOLTAGE SHARING BY SHUNT TRANSFORMER AND R-C COMPONENTS 
5.1 INTRODUCTION 
An alternative to preventing removal of the minority-carrier 
charge is to provide a low (ideally zero) impedance path across 
each thyristor until all have completed their reverse recovery; 
then switch the paths simultaneously to a high impedance state, 
thereby allowing reverse voltage to build up evenly across the 
thyristors. This can be effected by using a single transformer, 
or multiple transformers, with the high voltage primary windings 
connected across the thyristors, voltage control being exercised 
-from the common, low-voltage secondary side. 
Two basic transformer arrangements-are considered together 
with two methods of secondary side control which approximate 
to the above ideal. These are arranged in Figure 5.1 to show the 
natural, progression of ideas. The shunt R-C components are retained. 
to cater for all other aspects of voltage sharing except turn-off; 
additional active components are avoided as their use is undesirable 
from complexity and reliability standpoints. 
5.2 SINGLE MULTIWINDING TRANSFORMER NETWORK: CONTROL BY CAPACITOR AND 
DIODE 
The multiwinding transformer T (Figure 5.1(a)) has a high voltage 
primary winding with an equal-turn s&ction for each thyristor. The 
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transformer core must not saturate, and for waveforms having a 
much lower negative than positive volt-second integral, which is 
usual with forced commutation, the transformer size is greatly 
reduced by u. sing diodes D to block the forward voltage. The trans- 
former insulation poses a severe problem due to the proximity of 
windings-which are subjected to the full line voltage. Developments 
which reduce this problem are considered later. The detailed operation, 
which is basic to all the shunt transformer arrangements, will be 
described here in the context of the multiwinding transforme r. 
When the reverse turn-off voltage is first felt across the 
thyristor string, the short circuit of the initially uncharged 
capacitor C2 is reflected to the high voltage side, allowing reverse 
recovery current flow through the appropriate primary sections as 
the thyristors block in turn. If the differing reverse recovery 
times of the thyristors are neglected, application of the reverse 
voltage to the full primary winding effectively acts as a step 
input to the simplified equivalent circuit (Figure 5.2y. The trans- 
former magnetising reactance and the high resistance R2 are considered 
infinite and stray capacitances are neglected. If the total trans- 
former winding resistance referred to the secondary side (R ) is 0 t2 
ignored, C2 charges with an oscillatory current half-cycle, the 
duration of which (Appendix IV) is 
T AL c- C2 t2 2 
The peak value of this current is 
v 
142 Ij 
12 (5.2) 2 pk R 
WE 
-1j 1, 
t2p 
G5 
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N 
nl 
vR(12 
nN 
Step input 
voltage 
I. 
' 
m 
t2 
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t2 
C2 
ý'R2 
-l 
Figure 5.2: Simplified equivalent circuit for the shunt 
transformers (referred to the secondary side) 
with capacitor and diode control. 
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where N, is the primary winding turns per section and N2 is the 
secondary winding turns. Eýiode D2 prevents an oscillatory discharge 
Of C2, and the reverse blocking voltage on the primary is sustain ed, 
distribution being theoretically uniform. Mien the forward thyristor 
blocking voltage is applied, diodes D block and C2 dischargesthrough 
the high-resistance R2 ready for the next commutation. 
Owing to the differing thyristor reverse recovery tivies, the 
individual transformer primary sections are sequentially brought in, 
giving a turns ratio which increases progressively from Nj/N2 with 
qnly the fastest thyristor blocking, to nNI/N2 with all the thyristurs 
blocking. Commencement of the secondary current oscillation is 
delayed until the fastest thyristor reverse recovery commences; 
then ýhe initial rate of secondary current rise is increased by the 
high voltage reflected from the primary when only the faster recovery 
thyristors have developed reverse blocking'capability. A small 
increase in the oscillation current peak can result. Additionally, 
the effective transformer leakage inductance L changes during this t2 
period. This is difficult to analyse, however, because a tran sformer 
with more than three windings cannot be represented by a simple 
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equivalent circuit . As the total thyristor reverse recovery time 
is only a low proportion of T C2 
in practice, the simplified analysis 
given in Appendix IV, which ignores reverse recovery, is adequate. 
The low line impedance in series with the thyristors is relied 
upon to limit the reverse voltage across those which recover first. 
For the line impedance to be effective, the transformer leakage 
inductance should be as low as possible to give optimum reflection 
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of the secondary conditions to the primary side. C2 must present 
a low impedance across the thyristors for a period sufficient for 
their reverse recovery and yet prevent unnecessary drain on the 
coinmutating capacitor, if used. This drain, however., is likely 
to be very low owing to the secondary current oscillation being 
reflected, to the primary side in the ratio N2/nNI, once thyristor 
reverse recovery is complete. A further factor limiting the cap- 
acitance 01 C2 - of particular importance at high operating 
freque ncies - is the loss in the discharge resistor R2. 
With only the fastest recovery thyristor blocking, and iLs 
associated primary winding section carrying the reverse recovery 
current of all the others, the charge reflected into C2 before the 
next thyristor blocks (assuming instantaneous reverse switching) is 
(AQr2-1'x N1 IN 
2 
). With just two sections operative, the reflected 
charge is (AQ r3*2 
X 2N 1 
IN 
2 
), and so on. To ensure that the secondary 
current continues to increase as the thyristors successively block 
reverse voltage, the voltage across C2 must always be less than that 
applied via the primary. Finally, when the slowest (n 
th ) thyristor 
blocks, 'the instantaneous voltage across C2 must'not be greater than 
VRN 
2 
/nN, 
, 
that is, 
R+ 2AQ 
n Nj ý2 K2 
"Qr2-1 
r3-2 + 
3A. Q 
r4-3 + 
(n- 1) 'Qrn- (n- (5.3) 
In other words, the secondary oscillatory current must have just (or 
not quite) reached its peak. This is the criterion for the lowest 
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acceptable value for C2- It is difficult to use equation (5.3) in 
practice and instead of summing the individual Qr differences as 
shown, it is easier to replace thein by an assumed average value 
&Qrmax /n multiplied by the sum of the above coefficients 
(I +2+3+... (n-1)), which is (n-l)n/2. In the limit, the 
minimum gapacitance of C2 is then given by 
n (N, )2 
AQ 
rmax (n - 1), -11 (5.4) C2 ý -2 (N2J VR 
The accuracy of this equation depends on the statistical distribution 
of the thyristor Qr values, but it provides a realistic provisional 
value for C2- It must then be checked that C2 provides, in con- 
junction with L t2 ,a 
duration. T C2 of secondary current 
flow such 
that thyristor reverse recovery is completed in the first quarter 
of T C2* This ensures a relatively low reflected voltage 
from C2. 
thereby giving the required low impedance path across the thyristors. 
The upper value of C2 is not critical. 
While the oscillatory secondary current is falling from its 
peak, C2 charges to a voltage in excess of VRN2 /nN I though, owing 
to the resistance R t2 , the peak voltage 
does not approach double, 
this value. This excess voltage is reflected across to the 
thyristors, though their individual reverse voltage waveforms vary 
slightly owing their differing reverse recovery characteristics and 
variations in transformer winding coupling. 
The leakage inductance of the winding. sections. of transformer 
T prevent the initial high, short duration, reverse transient voltage 
across the fast recovery thyristors (section 3.3.1) from being 
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suppressed. It is necessary, therefore, with these shunt transformer 
networks, to include a small series saturating reactor to provide 
additional line impedance for the first few microseconds after the 
reverse voltage is applied. Typical waveforms are given in the 
oscillograms of Figure 5.3 with such a saturating reactor included. 
5.3 MULTIPLE TRANSFOI? IIER NETWORKS: CONTROL BY CAPACITOR AND DIODE 
The basic operation of the network is unaltered by replacing 
the multiwinding transformer with separate, two-winding transformers, 
one for-each thyristor. The primary windings, each connected across 
a thyristor, are in series and the secondary windings are in parallel 
(Figure 5.1(b)). 
The separate transformers, unlike the multiwinding transformer, 
can be represented by a simple equivalent circuit J-or the effective 
switching sequence provided by the thyristors' reverse recovery. The 
individual transformer resistances and leakage inductances are 
paralleled by the successively blocking thyristors; the total 
resistance and leakage inductance (referred to the common secondary 
side) can therefore be calculated with any number of thyristors 
blocking. But again, for practical purposes, only the fully 
paralleled value with all the thyristors blocking need be considercd. 
Operation is the same as before and equations (5.1) and (5.2) apply, 
ratio Nj/N2 now being the individual transformer turns ratio. 
The use of'multiple transformers reduces the transformer inter- 
windibg insulation problem since, with the secondary circuit floating, 
the windings which experience maximum voltage stress (i. e. those of 
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(a) Thyristor string Thl 
current, (20A/cm, 200ps/cm). 
(b) Voltage across the 
thyristor string and 
series SR, 
(2.5kV/cm, 200ps/cmý 
(c) Thyristor supply line 
current during reverse 
recovery 
(IOA/cm, 511s/cm). 
(d) Corresponding voltage across 
the thyvistor string and STI, 
(2.51,, V/cm, 5ps/cm). 
(e) Corresponding voltage 
across the thyristor 
string, 
(2.5kV/cm, 5ps/cm). 
M Corresponding voltage 
across the series SR, 
(2.5kV/cm,. 5ps/cm). 
(g) Shunt transformer 
secondary current, 
(20A/cm, 5ps/cm). 
(h) Voltage across the fastest 
reverse recovery thyristor, 
(IOOV/cm, 5ps/cm). 
Figure 5.3: Oscillograms of currents and voltages with the shunt 
transformer and secondary capacitor and diode network. 
Nefwork details as Table 5.1, row (b). 
Test circuit - Figure 3.3. 
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the two transformers at the ends of the thyristor string) are 
subjected to approximately half the line voltage. A further reduction 
of the interwinding voltage can be produced by dividing the paralleled, 
secondary windings into two or more separate equal groups, each 
with its own voltage controlling capacitor circuitry. The division 
between the groups should be one half, one third etc. of'the way 
along the thyristor string, as appropriate for the number of groups. 
An arrangemen t of this form, with two secondary groups, is shown in 
Figure 5.1(c). 
The individual transformer groups should operate in a nominally 
identical manner and equations (5.1) and (5.2) can be applied to each 
group. Considering each of two groups, for example, both VR and the 
effective tu rns ratio (n. N11N2) are half their total values; L t2 
is 
doubled. For the same duration of secondary current half--cycle 
TC2P C2 in each group must be half that for the single group arrange- 
ment. This results in a reduction 
a factor of two. 
Irrespective of the number of 
former primary volt-second rating 
That of each transformer is simply 
of the peak secondary current by 
secondary groupings, the tranc- 
must not allow core saturation. 
(1/n) th of the total. 
5.4 MULTIPLE TRANSFORMER NETWORKS: CONTROL BY SERIES DIODE 
As an alternative to using a capacitor C2 with diode D2 fO3' 
thyristor. reverse voltage control, the transformer'secondary windings 
can be. connected across a slow recovery diode D1 in series with the 
thyristors (Figure 5.1(d)). The reverse recovery characteristic of 
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the diode is thereby used to control the reverse voltage build up 
across the thyristors, provided its reverse recovery time is longer 
than that of any thyristor. D, contributes to the reverse voltage 
rating of the thyristor string, though not to the forward voltage 
rating, and should be situated in the middle of the string to give 
the lowest value of maximum transformer interwinding voltage. 
The slowest reverse recovery thyristor in the string may be 0 
used instead of a diode D1, but its forward blocking property is 
rendered ineffective if the transformer cores saturate positively 
through the secondary windings. A consequential advantage is that 
the core reset reduces the number of transformer turns required, but 
the severe local oscillation which occurs round the C-R-transformer 
secondary loop across the controlling thyristor, makes the method 
unattractive. The use of much larger transformers would prevent 
such saturation and allow the diodes D to be dispensed with. 
A single, multiwinding transformer can, of course, be used 
instead of the multiple transformers. When used without the diodes 
D in the manner latterly described, it functions as a tapped auto- 
transformer, and has previously been used with a few thyristors in 
39 
series at a moderate voltage level 
The total transformer reverse volt-second withstand, and hence 
the required number of primary turns per transformer, can be cal- 
culated on the basis of one transformer for each of the n devices 
(thyristors dnd diode(s)) in the string, provided: 
a) the transformers each have a 1/1 ratio-; 
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(b) the. primary and secondary windings are close coupled; 
(c) it can be assumed that the primary magnetising current 
divides evenly between the secondary windings. 
Considering a single secondary grouping (Figure 5.1(d)), the 
individual transformer secondary current is a fraction 1/(ný-l) 
of the primary magnetising current, which increases the transformer 
m. agnetising ampere-turns to (1 + 1/(n-1) = n/(n-1)) of the value 
with just the primary energised. Since there are (n-1) transformers, 
the total magnetising ampere-turns, and total volt-second rating, 
are the same as that for n transformers with only the primary windings 
carrying magnetising current. 
Again, the multiple transformer arrangement lends itself to 
operation with more than one parallel secondary grouping, in which 
case the series controlling diode for each group should be 
strategically situated in the thyristor string for minimum inter- 
winding voltage. These diodes must have matched. reverse recovery 
characteristics. 
5.5 EXPERIMENTAL RESULTS 
The measured voltage sharing performance of the shunt trans- 
former networks of Figure 5.1 is given in Table 5.1. Rows (a) and 
(b) give the results from asingle multiwinding transformer arrangement 
used without, and with, a small series saturating reactor to control 
the initial reverse voltage spikes. The effect. of reducing the size 
of capacitor C is shown in row (c). The results obtained with 
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multiple transformers follow, with both single and double secondary 
groupings; secondary side capacitor and diode control (rows (d), 
(e) and (f)) and s6ries diode control (rows (g) and (h)) are both 
included. Finally, row (j) illustrates the use of the slowest 
recovery thyristor in the string for control of voltage sharing in 
place of. a slow recovery diode D1 (Figure 5.10)). 
The components given in row (b) produce the waveforms shown 
in Figure 5.3, to which the design example of section DI-2.1 also 
relates. A graphical plot of measured tbyristor voltages is not 
given (as Figure 3.5) since the distribution is random and bears no 
definite relationship to the previously neasured thyristor reverse 
recovery charge. The thyristor voltages are influenced mainly by 
the slight differences of transformer Icakage inductance. 
5.6 DISCUSSION OF EXPERI14ENTAL RESULTS 
Considering the results quoted in Table 5.1, it is apparent 
that, allowing for experimental inaccuracy, none of the shunt 
transformer networks give an outstandingly good performance. By 
comparison with the results of Table 3.1, row (c) , the maximum 
reverse voltages are little'reduced, though minimum reverse voltages 
are appreciably increased, giving a more reliable turn-off. 
Maximum reverse voltage, including any spike, is considerably reduced 
by introducing a series saturating reactor (c. f. rows (a) and (b), 
(d) and (e)). Forward voltage distribution is impr oved considerably 
on that with R-C's alone, though this is less evident with the 
separate transformers, which produced more forward voltage overshoot. 
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Control by a series diode D1 gives less uniform thyristor 
voltage distribution than does the capacitor plus diode control 
though, owing to the presence of the small SR, maximum reverse 
voltages are little different. The reverse recovery characteristic 
of DI does not provide as effective a low impedance secondary 
winding path as does capacitor C2. This applies also to the slowest 
thyristor reverse recovery characteristic 
(row (j)). The controlling 
diode D, (or the slowest recovery thyristor) experiences a considerable 
voltage spike induced by the interruption of current flow through the 
transformer leakage inductances as reverse recovery is completed. 
The turn-off performance of the networks with multiple transformar 
secondary groupings is virtually the same as that with a single 
gr ouping (c. f. rows (e) and (f), (g) and (h))_ More difference is 
apparent with slow recovery diode control than with secondary 
capacitor plus diode control;. ostensibly because the two slow 
recovery diodes used wer e not very well watched. 
Comparison of the string voltage factors. f and f of rows fm rm 
(b) and (c) demonstrates that the shunt transformer networks make 
voltage sharing at turn-off substantially independent of the value 
of capacitance C. 
5.7- ADVANTAGES AND DISADVANTAGES OF THE METHOD 
The advantages of*using shunt transformer(s) to assist the 
R-C sharing network at thyristor turn-6ff are as follows: 
(a) Improved voltage sharing is provided, particularly if a 
small series saturating reactor is also tjsedý 
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(b) Voltage sharing at turn-off is made largely independent 
of the shunt capacitance C. C must, however, be large 
enough to handle. other voltage sharing duties. 
(c) Reverse voltage is induced across all the thyristors, 
and turn-off is satisfactory with very low applied reverse 
voltages. 
There is low drain on the comutating energy source. 0 
The disadvantages are: 
(a) The transformer leakage inductance makes a small series 
saturating reactor necessary for the suppression of the 
initial reverse voltage spikes. 
(b) The individual thyristor voltage waveshapes differ due 
to slight differences between the transformer sections. 
(c) Secondary capacitor and diode control gives thyristor 
reverse voltages which arc in excess of (1/n) 
th 
of the 
total applied voltage, owing to oscillatory overshoot. 
(d) The voltage sharing performance cannot be predicted. 
(e) Insulation problems arise with the single multiwinding 
transformer. 
(f) Cumbersome magnetic components are required, though these 
are not particularly expensive. 
The further advantages of the multiple, two-winding transformer 
arrangement are: 
(i) Reduced transformer insulation level is required. 
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(ii) In the event of a transformer fault, only the individual 
faulty unit needs to be replaced. 
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CHAPTER 6 
VOLTAGE SHARING BY SHUNT VOLTAGE REGUMING DIODES 
6.1 INTRODUCTION 
Voltage regulating diodes connected back to back across each 
thyristor, with or without other components, will limit the forward 
and reverse voltages applied. They can be used to control all over- 
voltages met in normal steady operation, but additional protection 
will be necessary if high energy line transients are anticipated. 
The regulating diodes do not afford protection against excessive 
di/dt at turn-on or against excessive forward blocking dV/dt; these 
conditions necessitate the use of additional components. 
Regulating (zener) diodes are not, at present, manufactured 
with nominal voltages greater than about 20OV. A number must there- 
fore be connecte. d in series, as required, to provide the desired 
clipping voltage. Unfortunately, the higher voltage 'aval'anche 
diodes'. now available are unsuitable for 'this application because 
their avalanching voltage can only be guaranteed within limitýs 
which are. far in excess of the tolerances required. 
The voltage- current characteristic of the voltage regulating 
diode is well known 
40,41 
, the variations of voltage from the nominal 
breakover (zener) value being due to the following reasons: 
(a) Manufacturing tolerance. 
Increasing operating-temperature results in slight increase 
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of breakdown voltage for the higher voltage devices, 
which have a positive temperature coefficient. 
(c) The dynamic resistance R., being the incremental slope of 
the voltage-current characteristic after breakdown, gives 
increasing voltage drop as reverse current is increased. 
RZ is not constant, but decreases with increasing current. 
Typically quoted values, corresponding to one or two low 
specified currents, are not applicable to high current 
pulse loading. It is assumed then that the regulating 
diode voltage will not rise more than 15% above the 
nominal value for a 5% tolerance device. 
(d) Many regulating diodes exhibit a voltage overshoot at 
42 
switching . However, since recovery normally occurs 
within a few hundred nanoseconds, this overshoot is unlikely 
to be damaging to a thyristor. 
In this chapter,. control of voltage sharing solely by regulating 
diodes, under conditions of moderate turn-on di/ dt and forward 
blocking dV/dt, is first considered. This is followed by a brief 
discussion of their use in association with R-C components and then' 
with R-C components combined with a shunt transformer arrangement. - 
6.2 OPERATION OF THE REGULATING DIODES 
The regulating diodes Zf and Z r' connected 
in parallel with 
the ýhyristors as in Figure 3.6(d), clip the forward and reverse 
voltages respectively; each diode shown may, in practice, consist 
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of a number of such devices in series. There are txqo distinct 
operating conditions at turn-off: 
(a) If the applied reverse voltage is slightly greater than 
the summed breakover voltages of regulating diodes Zr (i. e. 
VR > nVzr)., the thyristor. reverse voltage distribu. tion 
will be equalised., but unwanted diode Zr power dissipation 
occurs while the commutating capacitor discharges to voltage 
nVzr-' With a stiff voltage source, operation in this way 
is usually impossible. 
(b) When VR < nVzr, not all the regulating diodes operate and 
voltage distribution may be very uneven. No excess 
dissipation occurs in the regulating diodes Zr* 
The conditions described in (b) form the more practical case. 
To avoid excessive dissipation in diodes Zfj V-F < nVzf always. The 
regulating diode nominal voltages Vzf or Vzr should be about 85% 
of the thyristor peak repetitive voltage rating to allow for the 
possible variations of clipping voltage. This gives a string 
Vol tage derating factor fS of 0.85 assuming the applied voltage is 
equal to the summed regulating diode voltages, fonyard or reverse 
as. appropriate. 
The regulating diodes have to counteract all the effects which 
can lead to uneven thyristor voltage sharing (section 3.1). Hence, 
the diode s' functions'are to control the steady-state and transient 
voltage distribution, and to limit thyristor overvoltages at 
turn-on and turn-off. Each of these duties must be taken into 
account when estimating the regulating diode power rating. 
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Preparatory to this, the question of thyristor voltage waveforms 
and turn-off must be considered. 
6.3 VOLTAGE WAVEFORM CONSIDERATIONS 
The individual thyristor voltage waveforms vary widely and in 
Tnany cases bear only superficial resemblence to that of the voltage 
across the complete string. The factors which influence the wave- 
form are as follows. 
A low thyristor leakage impedance lea. ds to that device accepting 
a low voltage compared with the others in series, under steady- 
state or low frequency conditions. 
At turn-off, the faster reverse recovery thyristors are the 
first to accept reverse voltage. Slow recovery devices may not 
be reverse biased. 
Capacitive effects are difficult to assess accurately. If 
33 
the regulating diodes are absent, analysis shows that, for the 
idealised situation of constant equal thyristor capacitance Cd 
and equal electrode capacitance to earth C9 (Figure 6.1), uneven 
. transient voltage distribution occurs. Voltages progressively 
increase from a minimum across the thyristor at the earthy end to 
a maximum across that at the high voltage end of the string. The 
thyristor blocking'dV/dt also increases in a similarmanner. The 
addition of voltage regulating diodes controls the level. of the 0 
Vojýagp_ but not dV/dt, although the diode capacitances have 
influence and must. be included in Cd* 
In order to establish the maximum thyristor dV/dt relative to 
104 
Cd 
c 
k 
-g 
Ramp input 
v (Y. t 
Figure 6.1: Idealised equivalent circuit of the device 
and stray capacitances to earth. . 
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that applied to the string, consider a ramp voltage of slope cc applied 0 
to the equivalent capacitor network of Figure 6.1. If Cx is the cap- 
acitance between point X and earth (neglecting the uppermost C ), tile 9 
charging current at X is given by aC x 
Hence, the maximum. thyristor 
dV/dt is aC x 
/C 
dý- which 
is a proportion Cx /C d of the total dV/dt applied. 
Now as the number of thyristors (n) used in series is increased, or as 
the number of thyristors effectively increases as more progressively 
accept forward blocking voltage under the influence of the regulating 
diodes, Cx reduces from a value of Cd for a single tbyristor to an 
almost constant value when n approaches ten or more, depending on the 
c9 /C d ratio. Thus, the ratio of the maximum thyristor 
dV/dt to the 
total applied dV/dt decreases correspondingly from unity to a value I 
which is independent of the number of thyristors in series (Figure 6.2). 
This is a. disadvantage. with 'long' strings since the ratio of the 
maximum dV/dt to the average dV/dt, (a/n), for the thyristors then 
increases in proportion to n. 
In practice Cd consists of the internal depletion layer capacit- 
ances of the thyristor and parallel regulating diodes, plus stray inter- 
electrode capacitance. The-fact that the former, capacitances vary 
25 
with blocking voltage according to an inverse cubic relationship 
adds complication. Tfie above simplified approach is, however, 
adequate for qualitative explanation of the thyristor waveforins. 
6.4 TURN-OFF CONSIDERATIONS 
' the current through it is prevented No thyristor will turn-on iL 
from rising to the latching value. This fact is of fundamcntal 
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No. of blocking thyristors in series n. 
Figure 6.2: Variation of the dV/dt across the thyristor at the 
'high voltage end of the string as the effective 
number of thyristors is increased (capacitance 
distribution as Figure 6.1). 
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importance when considering the turn-off of series thyristors 
which experience widely differing voltage waveforms (e. g. Figure 
6.3). It follows that, ; after the faster recovery thyristors have 
turned off under reverse bias, the slower recovery thyristors will 
turn-off by starvation providing the faster thyristors and their 
parallel regulating diodes restrict forward current to a leakage 
level. The critical condition for turn-off of all the thyristors 
is that a sufficient number (n) must have turned off in order to 
withstand the forward blocking voltage as it rises to its full 
value V For the full voltage this can be expressed as n >, VF/V F*ý$ fz* 
If this condition is not met, the regulating diodes across the 
faster recovery thyristors will be destroyed. 
The problem of dV/dt triggering is exacerbated by the increased 
dV/dt experienced by the thyristors at the high voltage end of the 
string. If., during the applied fon, 7ard blocking rise, those 
thyristors turn on, there is the risk of a cascade turn-on of all 
the thyristors from this cause. 
6.5 REGULATING DIODE POWER RATING 
6.5.1 Egtimatibn*Of the rating from the duty-cycle ýy 
Precise representation of the regulating diode duty cycle is 
difficult) and accurate calculation of the power dissipation is not 
possible. Given here is a working method of calculating a safe 
powdr, rating. Since individual diode power dissipation depends on 
its position in the string, the worst condition must always be 
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0 
0 
c 
C 
(a) 
(b) 
(c) 
(d) 
Figure 6.3: ' Individual test thyristor waveforms with. the shunt 
regulating diode sharing network. 
(a) Thyristor string Thl current (20A/cm). 
(b) Voltage across the fastest recovery thyristor at 
the high voltage end of the string (250V/cm). 
(c) Voltage across the slowest recovery thyristor at 
the earthy end of the string (250V/cm). 
(d) Voltage across the second fastest recovery thyristor 
situated next to the slowest at the earthy end 
(250V/cm). 
(All 50ps/cm) 
Network details as Table 6.1p row (b). 
Test circuit Figure 3.3. 
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assumed. For simplificat4on it is reasonable to neglect the 
dissipation due to diode forward conduction and leakage. 
Estimation of the mean power dissipation is most easily made 
by assuming a constant breakover voltage of 1.15Vz to account for 
variations of regulatiiig diode breakover voltage (section 6.1, 
para (c))-. Then, 
t 
mean power dissipation 
1.15 
Vz 
pi 
dt (6.1) 
Tf 
0 
where tp is the pulse width a nd T is the period of the duty cycle. 
Equation (6.1) can be used for each individual function which the 
diode performs and the separate values summed to give the tota. 1 
mean dissipation. Use of the tima integral of current allows the 
simple substitution of AQ r values 
for fi dt when considering turn- 
off. dissipation. The factor 1.15 is unnecessary when the peak 
power is low. 
However, when semiconductors are subjected to a repetitive 
pulse duty, the junction temperature Tj fluctuates during tile 
cycle. Since the maximum allowable junction temperature is the 
criterion on which device power rating is based, the calculated mean 
power dissipation is. -likely to prove inadequate. 
A technique for handling non-rectangular pulses is to first 
calculate the highest peak power (P) in the duty cycle and the 
10 43 
total pulse energy (or average power) '. The duration of an 
equiv alent rectangular pulse (t P 
), having the same peak power and 
average power is then determined, and standard expressions are used 
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to calculate the junction temperature rise (T J-TA) above ambient 
temperature TA* For such a rectangular pulse, 
TJ - TA 1ý , 01 
(6.2) 
where 01 is the effective transient thermal impedance, given by 
01 0ý 
LI) 
+ (1 -t p) 000 
10 
(6.3) 
TT (T+t 
P 
(T) (t 
P 
Here 0 is the steady-state thermal resistance, 0 (T+t and 0 (T) are 
P 
transient thermal impedances for pulse durations (T+t P) and 
(t 
P 
respectively. The very high power pulses at turn-on and turn-off 
have a typical duration of a few microseconds; this creates 
difficulty in applying equation (6.3) because manufacturers only 
quote transient thermal impedance characteristics for pulse 
durations down to 100ps. For loýier durations extrapolation can be 
made using the relationship 0 Mýt__ 
44 
2b. ut this only applies (tp) p 
for tp>, 10ps. This relationship has been used as a guide in the 
design example of sectionlIL3, even for lower pulse widths. 
Since tp is usually small, tP /T << 1 and 0 (T+tp) m O(T) 
approximately. Therefore equation (6.3) simplifies to 
t 
01=0 --a +0 (6.4) T (t 
p) 
The term 0 (t allows for the additional temperature rise 
due to 
pulsation since, if it is neglected, equation (6.2) gives 
t 
.r 
T-TP -'p a. iAT 
ill 
This is equivalent to using the average power equation (6.1). If 
charge concepts are used, as for turn-off, an appropriate current 
pulse waveform and duration must be assumed in order to estimate 
the peak pulse power. 
Firstly, then, the mean and peak power dissipations produced 
by the separate functions ol each diode Zf and Zr must be determined; 
t he method is given in the following sections. The total mean 
dissipation for each diode is then estimated and a suitable device, 
having a power rating above the total mean dissipation, chosen. 
Using its published transient thermal impedance characteristic, 
the peak junction temperature is then checked by equations (6.4) 
and (6.2) for the equivalent rectangular pulse per cycle. 
6.5.2''Steady-, ýtate*and low frequcncX voltage sharing duty 
Consider the extreme case where one thyristor has zero 
leakage and all the others have maximum leakage; only the regulating 
diode across the zero leakage thyristor operates. Regulating 
diode leakage will be neglected since it is usually about one 
thousandth of that of a thyristor. The analysis applies equally 
to forward and reverse voltage sharing, therefore only the former 
will be considered. The equivalent circuit (Figure 6.4(a)) shows 
the leakage current (i) path, where 
vFv 
zf 
(n - 1)R th 
ý, Rz 
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(b) 
Figure 6.4: Equivalent circuits for the estimation of regulating 
diode power dissipation. 
(a) For steady-state voltage sharing. 
(b) For transient voltage sharing. 
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For the operative regulating diode, 
power dissipation =V zf 
i+ i2R 
z. 
Now Rz << (n - 1)R th ; approximately therefore, 
power dissipation =V 
IV 
P-V zf + 
(I 
*TF-V zf 
12 
Rz. (6.5) 
zf [ 
n-I)R th 
ý(n-l)R 
th. 
The mean dissipation during the cycle is calculated by multiplying 
equation (6.5) by the fonvard blocking time expressed as a fraction 
of the total period. 
6.5.3''TrWsient voltage sharing duty 
Maximum dissipation on transient voltage sharing duty takes 
place in that regulating diode (forward or reverse as appropriate) 
across the thyristor at the high voltage end of the string. This 
dissipation will be greatest if the thyristor voltages are perfectly 
equalised by the diodes. 
Consider a ramp forward voltage applied to the equivalent network 
of Figure 6.4(b). Comparing the incoming charge flow with that which 
returns in the earthy line during the applied forward voltage r-ise 
from zero to VFj, the charge flow through the capacitances Cd and C.. 
and the regulating diode Q at the high voltage end musu zfh 
equal that through Cd and the regulating diode Q zfk 
) at the earthy 
end plus that through all the capacitances C to earth. Assuming 9 
that 'the final voltage sharing is uniform (Vr = nV ) and that 
zf 
Qzft =. 0, then 
1.14 
vFC9+Cdv 
zf 
+Q 
zfli ýcdv zf 
+Q 
zfz 
+ 
(VzfCg 
+ 2VZfCg + ... -, iVzfCS) 
= CJzf + Vzfcg(l 4- 2+3+... 
nV z, fc9+Q zfli ýv zf 
c9 n(n 2+ 
1) 
Qzfh ýv zf 
c9 n(n 2 
Therefore, for the regulating diode at the high voltage end, 
mean power dissipation = 1.15 V 2C E. 
(n 
f (6.6) 
zf 9-2 
As the derivation of equation'(6.6) is based on charge flow, it is 
applicable to any applied voltage waveform. 
The current, through the diode must be estimated in order to 
calculate the peak power. This diode clips voltage first, since the 
high voltage end thyristor experiences the greatest dV/dt. Thereafter 
it carries the charging current of the complete network below point 
Y in Figure 6.4(b) which experiences the full applied dV/dt (= a). 
The product of the effective capacitance and a gives the regulating 
diode current (I 
zf 
Then, 
peak power dissipation = (V zf 
I 
zf *ý 
I 
zf 
2R 
Z). 
(6.7) 
As an alternative to equation. (6.6), the mean dissipation can be 
calculated by multiplying equation (6.7) by the diode operating 
period as a fraction of the total period. 
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6.5.4 Fon,, ard voltage sharing duty at turn-on 
Again consider the extreme case of one slow turn-on thyristor 
and all the others equally fast. The regulating diode Zf across the 
former must, in conjunction with a series inductance L, suppr ess the 
overvoltage at turn-on. Assuming L is constant and using a similar 
approach to that of section 3.2.2, the peak regulating diode current 
I 
zfpk 
is given by 
At 
0-nVF-1.15 V 
zf 
(6.8) 
zfpk L 
Then, 
peak pulse power = 1.15 V 
zf 
I 
zfpk * 
(6.9) 
The linear current rise allcwed by constant inductance L gives 
an idealised current waveform of triangular shape which falls 
abruptly from I 
zfpk 
when the 
. 
thyristor turns on. Therefore 
pulse energy 
I 1.15Vzf. ýf lzfpk 'ýton 
For the complete cycle, 
mean power dissipation = 0.58 V zf 
I 
zfpk 
At 
on 
f. 
6.5.5 Reverse voltage sharing duty at turn-off 
The power dissipation in the regulating diodes Zr during 
thyristor reverse recovery arises from two features. These will 
be considered separately. 
a) Difference of thyristor reverse recovery charge. 
When 'the reverse turn-off volLage VR is applied to 
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the string, the faster recovery thyristors become biased to 
the regulating diode voltage V zr 
their number x is given 
approximately by x=VR /V zr* 
The remaining thyristors experience 
low or zero reverse voltage and it will be assumed that the 
charge removed from these will equal that removed from the 
x 
th. fastest thyristor &Q 
rx)' 
The charge flow through the regulating diode Zr shunting 
the fastest thyristor (No. 1) is therefore given by 
'Qrx-I *ý Qrx - Qrl * 
Using this relationship in equation (6.1) gives 
mea n power dissipation = 1.15 V AQ f. zr rx-I 
(b) Suppression of the hole storage voltage spike 
When the peak reverse recovery current I rpx 
in the x 
th 
thyristor abruptly falls, the energy stored in the series 
inductance L prolongs the current flow through the diodes 
Zr across the x fastest thyristors. Assuming the current fall 
to be instantaneous and neglecting the lead resistance and 
any additional feverse recovery loss in the (n - x) slower 
thyristors, the. energy stored in L is dissipated in the x 
regulating diodes which are operative. For each of these, 
energy dissipated per cycle x rpx 
Tfierefore, 
1.17 
mean power dissipation =ILI 2f. 2x rpx 
The practical difficulty in using this expression lies in 
estimating I rpx which 
depends on the reverse voltage applied 
and the turn-off circuit resistance. The latter usually 
comprises lead and inductor winding resistance, and its value 
is difficult to assess before construction. Thus there is no 
accurate information by which current I rpx can. 
be calculated. 
Experience shows, however, that a value equal to the fon, 7, lrd 
current before turn-off is not unreasonable. Since the fall 
of thyristor reverse recovery current is not instantaneous, 
the above approach is generous. 
The maximum total mean po,, ýer dissipation in any regulating diode 
Zr at thyristor turn-off is given by the sum of the components 
established in (a) and (b); namely, 
total mean dissipation at turn-off 
11"'Vzr 
Qrx-l + 
1LIrx 
21f 
(6.11) 
2 
In order to estimate the peak pulse power, a regulating diode 
current waveshape and duration must be assumed. In practice the 
current is approximately sinusoidal with a duration similar to the 
difference of the reverse recovery times of the fastest and x 
th 
fastest thyristors, At 
rx-l* 
Using these approximdtions gives 
IL12 
peak pulpe power 
IT 1.15V AQ +i- rpx 2Zxt 
rx-I 
zr rz-1 2x 
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6.6 THE USE OF SHUNT R-C MTONENTS WITH REGULATING DIODES 
6.6.1''The'reason for addinE, resistors and Sapa L(ýljtors 
The conditions of high turn-on di/dt and high O/dt, which 
the regulating diodes cannot control, necessitate the use of 
additional L-R-C components (section 3.2). The shunt R-C com. ponents 
can be connected across the completa string, across groups or tiers 
33 
of thyristors or across the individual thyristors. The disadvantage 
of using a single resistance and capacitance across the string is 
that the lead inductance might limit the effectiveness of there 
components. 
Equal thyristor.. dV/dt is provided by including additional R-C 
components across each thyristor (Figure 3.6(e)). The separate 
use of R-C components and regulating diodes has already been con- 
sidered in detail. Mien used together, the only new facet of operation 
concerns thyristor turn-off which will be discussed next. 
6.6.2 'Turn-off considerations 
Assume that C (Figure 3.6(e)) is large enough to swamp the 
device and stray capacitances, yet insufficient for voltage equalis- 
ation. If, under low reverse voltage conditions, the voltage 
distribution is so. uneven as to produce zero volt -age across the 
slowest recovery thyristors, it is possible that these will fail to 
turn-off. Those which do turn off may be insufficient in number to 
withstand re-applied forward voltage; their parallel regulatint. 
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diodes will then be overloaded and destroyed. 
Under these conditions, the constant reverse voltage waveforin 
(Figure 3.2(a)) is least likely to give rise to turn-off failure 
provided the zero reverse biased thyristors are allowed time to 
turn-off before forward voltage is re-applied. V., Ihen the applied 
voltage is linearly changing (Figure 3.2(b)), although reverse 
voltage distribution will be improved by those regulating diodes 
which operate, turn-off conditions are basically the same as for 
R-C's used alone. (section 3.3.3). 
The mechanism by which those thyristors with low or zero 
reverse bias fail to turn off is important. As the voltage rises 
positively from the VI, value 
(Figure 3.2(b))., the discharge current 
from tfie revurse charged capacitors flows in a. fon, 7ard direction 
through those thyristors Without reverse bias, which are therefore 
not turned off. If this current is equal to orabove the latching 
value, these thyristors will turn on. If it is below the, latching 
current, they will turn off a-kid commence to accept fonqard voltage 
after an interval governed by their own recombination characteristics. 
The criterion for the satisfactory turn-off of any thyristor is 
therefore 
C dV I dt h 
where the holding current 1 11 
is assumed to be equal to the latching 
current. For a constant linear voltage slope a across the string, 
1 (6.13) h 
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This reasoning leads to the conclusion that, for any given 
minimum applied reverse voltage and dV/dt across the thyristor string, 
there is a. prohibited range of values for capacitors C. When C is 
above this range, turn-off is satisfactory because adequate reverse 
bias Is provided across all the thyristors; when C is below the 
range, the non-reverse biased thyristors turn off by starvation. 
6.7 THE USE OF SHUNT R--C COMPONENTS AND TRANSFORIM RS WITH REGULATING DIODES 
'C is within the The problem of turn-off when the required value oj 
prohibited range can be overcome by utilising the technique of section 
5.2 or 5.3. A parallel transformer arrangement, with control by a 
secondary side capacitor and diode, induces a reverse voltage across all. 
the thyristors during the secondary current oscillation (Figure 5.3(g)), 
the duration of which is controllable by the choice of capacitance C2- 
Figure 3.6(f) shows the complete voltage sharing network with R-C 
components, regulating diodes and multiple two-winding transformers. 
6.8 EXPERIMENTAL RESULTS 
The performance of the regulating diode networks used with the 
test string of twenty thyristors (Figure 3.3) is given in Table 6.1. 
Row (a) refers to regulating diodes used alone, with their nominal 
voltages chosen to equalise the reverse voltage distribution. Voltage 
mis-sharing is introduced by using regulating diodes Zr having a higher 
nominal voltage (row (b)). The oscillograms of-Figure 6.3 refer to 
this arrangement. 
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The use of resistors and capacitors with the regulating diodes 
is demonstrated by the results of rows (c), (d) and (e). Firstly, 
the regulating diodes have been choscii., to provide equalised voltage 
distribution, the R-C components being identical with those of 
Table 3.1, row (c) to allow direct comparison. The effect of then 
reducing-the operating voltage to the minimum which will provide 
safe thyristor turn-off is illustrated by row (d). A critical 
turn-off condition is introduced by using diodes with a higher 
nominal voltage V zr 
and a reduced value of C (row (e)), to which 
the oscillograms of Figure 6.5 relate. The improvement in turn-off 
performance then produced by adding a shunt transformer network is 
demonstrated in row (f). 
In general, the random nature of the voltage distribution 
makes a graphical representation (as Figure 3.5) not worthwhile. 
6.9 DISCUSSION OF EMMENTAL RESULTS 
The oscillograms of the thyristor voltage wavefortrs (Figure 6.3) 
illustrate the very poor voltage sharing with regulating diodes 
uýed alone. Reverse and forward voltage clipping by the regulating 
diodes is apparent, particularly for the fastest recovery thyristor 
situated at the high voltage end of the string. Only the faster 
recovery thyristors are reverse biased (numbering VR /V 
zr 
) and the 
effect of stray capacitance to earth, explained in section 6.3 is 
well demonstrated. The dV/dt across the thyristor at the high 
voltage end is much higher than that across the second fastest 
recovery thyristor situated near the earthy end. Also, this maximum 
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(a) 
(b) 
(c) 
(d) 
Figure 6.5: Individual test thyristor waveforms with the shunt 
regulating diode plus R-C sharing network 
(a) Thyristor string Th, current, (20A/cm). 
(b) Voltage across the fastest recovery thyristor at 
the high voltage end of the string, (250V/cm). 
(c) Voltage 
' across 
the slowest recovery thyristor at 
the earthy end of the string, (250V/cm). 
(d) Voltage across the single intermediate thyristor 
which fails to turn off. (250V/cm). 
(All 50ils/cm) 
Network details as Table 6.1, row (c). 
Test circuit - Figure 3.3. 
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dV/dt is apparently reduced as other thyristors successively block 
and commence their voltage rise. Despite the lack of reverse 
voltage across some thyristors, turn-off is satisfactory in-all cases. 
The poor voltage sharing is reflected in the low string voltage 
factors f 
rm and 
f fm 
in rows (a) and (b) of Table 6.1. The naximum 
reverse voltages in rows (a) and (c) exceed the value of 1.15V zr 
previously assumed (section 6.1, para (c)), the r6ason being that 
for the 139V (V 
zr 
) diodes, the conTautating capacitor voltage 
is greater than nV zr 
(s. ection 6.2, para (a)). 
The best voltage sharing performance is provided by the 
inclusion of R-C's with regulating diodes chosen to equalise 
reveýse voltage. Values of f rm and 
f fm 
in row (c) show a great 
impro-ýement 6n the equivalent values. without regulating diodes 
(Table 3.1, row (c)), The calculated minbum allowable thyristor 
reverse voltage (equation 3.10) agrees well with that measured 
(row (d)), as does the calculated maximum forward voltage 
4nation 
3.9) which occurs across the same thyristor. Voltage sharinS. is 
grossly uneven with 300V regulating diodes(Z) and C reduced in value 
to 0.01OF (Table 6.1, row (e) and Figure 6.5). Considerins thyristor 
turn-off, criterion (6.13) gives a current off 30mA (n = 20, a= 60V/Ijs), 
which is greater than the quoted typical thyristor holding current 
of 20mA. Turn-off is therefore at risk for the thyristors which are 
not reverse biased, since the capacitors C used lie within the 
prohibited range. This is borne out by one thyristor failing to 
turn off (Figure 6.5 (d)). 
Satisfactory turn-off is regained by the introduction of all 
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additional shunt transformer network. All the thyristors are 
reverse biased by at least 100V (Table 6.1. row (f)). The added 
network is identical to that which gave the waveforms of Figure. 5.3. 
It is evident from the results that, despite the extremely 
poor voltage sharing when voltage regulating diodes are used alone, 
thyristoi turn-off is perfectly satisfactory and, for the applied 
test voltage waveform, there is little point in using a more complex 
voltage sharing network. If, for other waveforms, added R-C 
components are required to reduce dV/dt, turn-off may be in doubt, 
This can be overcome by the further addition of a parallel trans- 
former arrangement. 
The use of a series saturating reactor in association with the 
above networks has not been discussed as, in general, it constitutes 
an alternative solution to the problem. For example, if R-C 
components are necessary under high dV/dt conditions, an additional 
series saturating reactor would be first considered in preference 
to regulating diodes and shunt transformers. -However, a series 
saturating reactor does reduce regulating diode power dissipation 
at thyristor turn-on and turn-off, and can therefore be of great 
advantage at high operating frequencies. This is considered in the 
next chapter. 
6.10 ADVANTAGES AND DISADVANTAGES OF THE ýETIIOD 
The advantages of using regulating diodes for control of voltage 
sharing are: 
(a) Accurate control of the maximum thyristor voltage is provided. 
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(b) When R-C componerits are also used, the thyristor voltage 
waveforms are good and some reduction in the size of 
capacitors C may be allowable. 
(c) With regulating diodes used alone, the R-C component losses 
are replaced by the. much lower dissipation in the regulating 
diodes. 
(d) In the event of failure, the regulating diode becomes 
short-circuited and thereby protects the associated 
thyristor. 
(e) Regulating diodes can be used to control series diode U 
reverse voltage sharing. Regulating diodes Zf can be 
replaced by a low voltage plain diode, to block any fon, 7ard 
load current flow through the parallel diode path. 
The disadvantages are: 
(a) The unpredictability of thyristor voltage waveforms with 
regulating diodes used alone. 
(b) The turn-off limitations with the regulating diode plus 
R-C network. 
(c) The necessity of using a number of regulating diodes in 
series to achieve nominal voltages commensurate with present 
day thyristor voltage ratings. This may improve in the 
future. 
(d) The higher sensitivity of regulating d-iodes to overload 
could lead to a higher failure rate than would occur with 
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R-C components. 
(e) The difficulty of accurately calculating the required 
reguInting diode power rating. 
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CHAPTER 7 
D. C. CHOPPING AT HIGH VOLTAGES 
7.1 INTRODUCTION 
The'd. c. chopper provides .1 way of directly changing 1pean d. c. 
34 
voltage level, whereas the alternative static system reqqires 
an intermediate a. c. stage between an inverter and rectifier in 
order to utilise the conventional a. c. transformer. Chopper ci-ýcuits 
34 ý 45 for-step-up or step-down of voltage have been devised 41though 
only step-down will be considered here. 
Output voltage may be constant or variable, the laýter being 
very common owing to the ease by which it can be attained using 
34 
time ritio control . This provides variation of the ratio 
ton time'/'off time' (or mark (m)/space (p)) for which the d. c. 
supply is rapidly switched to the load. The idealised ýheqry of 
step-down chopping is given in Appendix V. It shows that if all 
the internal voltage drops are neglected, the ratio of mean output 
voltage Vk to the mean input voltage Vd is equal to the mark/period 
ratio k of the cycle. That is, 
v 
m+p Td 
where T. (= 1/f) is the period of the cycle. 
. 
The mean output voltage therefore depends on the mark/space 
ratio m/p, and is independent of frequency, providing the mark/space 
ratio is constant. Hence, the output voltage can be varied by using: 
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(a) Fixed frequency and variable mark/space ratio. 
(b) Fixed mark or space duration, with variation of frequency 
to provide the adjustment of mark/space ratio. 
(c) Variation of both frequency and mark/space ratio according 
to some prescribed relationship. 
Each of these methods basýapplications. The last is the most 
versatile, since control can be adapted to provide some specific 
5,6,46 
requirement such as minimum, or constant, output current ripple 
Such control is considered further in Appendix V. 
In practice, there arelimitations to the minimum allowable 
durations of the mark and space. The reasons for this depend, to 
some extent, on the individual'chopper circuit. In general, the 
minimum allowable mark is determined by the time required for the 
commutation circuit to fully reset in preparation for turning off 
the main thyristor; the minimum allowable space is governed by the 
main thyristor turn-off time. Refinements have been made in 
47 
chopper circuitry which overcome these limitations but at the 
expense of added complexity and cost. 
In principle, chopper circuits which function satisfactorily 
at low voltages should be adaptable to high voltage working, but 
the practical and economic considerations of using many devices in 
series eliminate some of the alternatives. Experimental choppers 
for traction application, operating with a few thyristors in series 
at up to 3000V and 40OHz, have utilised voltage sharing networks 
4ý6,7 
based on the conventional 11-C arrangement 
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The chief aim here is to use the variable frequency d. c. 
chopper as a vehicle for fully.: proving the voltage sharing networks 
discussed in the earlier chapters. At the same time, it is useful 
to consider the level of performance which can be attained practically 
from such a chopper, as this is relevant to the possible future 
application of choppers at high voltages. 
7.2 THE TEST CHOPPER CIRCUIT 
The variable frequency chopper circuit (Figure 7.1) utilises 
three strings of fifteen devices in series and one (D f) having 
twenty-nine in series. The voltage sharing components shown for 
illustration. are regulating diodes, which are used in association 
with a series saturating reactor except for diodes Df. Component 
details are given in Figure 7.10 and Appendix 1; those of the 
sharing networks are in Table 7.1. The chopper is basically the 
same as that used previously (Figure 3.3), but it is here fed by a 
smoothed d. c. supply and operates without voltage boost. The following 
reasons governed the choice of this circuit: 
(a) Having few basic components, the circuit has low losses, 
allowing the voltage sharing network losses to appear 
as an appreciable proportion of the total. 
(b) Operation over a wide range of frequency and mark/space 
ratio is possible. 
. 
(c) The cost is comparatively low. 
The operation is identical to that described in section 3.4.1 
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until, after a controlled interval (t. ml 
) of Thl conduction, 
Th2 is gated. CC then discharges and recharges positively through 
the source, Th2 and load L P, and R Y, at an almost constant rate which 
is dependent on the load current. When the voltage across Cc reaches 
that of the supply (V d 
), the freewheeling diode Df becomes forward 
biased and takes over load current conduction from Th2', which turns 
off by starvation. The load current then decays exponentially until 
Th, is next. gated to repeat the cycle. If Th2 conducts for a time 
tm2 , the mark/period ratio k(equation 7.1) 
is: 
t 
in] 
+ 
TZ 
For a given Lz /R k ratio, the 
load. current is discontinuous or continuous, 
depending upon the values of k and chopping frequency. This is well 
illustrated by the oscillograms of Figures 7.2 and 7.3 which show 
current and voltage waveforms at the extreme operating frequencies 
of 50 and 200OHz. A full circuit analysis is given in Appendix II. 
The provision of semiconductor overcurrent protection has 
presented difficulties owing to the non-availability of suitably 
rated fuses for high voltage d. c. working. The use of many low 
voltage fuses in series is n ot recommended by the manufacturers 
owing to the slight inherent differences of fuse melting characteristic. 
Considering the complete chopper supply system of a single-phase 
bridge rectifier with L-C filter (Figure 1.9), there are two sources 
from which energy can be fed into a chopper fault: 
(i) The a. c. generator feeding the supply rectifier. 
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(b) 
C 
(c) 
(d) 
Figure 7.1: osci 
wi th 
(a) 
(b) 
(C) 
(d) 
llograms of chopper-waveforms at 50liz, (k = 0.5) 
the R-C plus series SR sharing network. 
Load current, (IOA/cm, ) 
Load voltage, -- (2.5kV/cni, ) ms/c 
Input line current, (10A/cm, ) 
(5 
Commutating capacitor Cc voltage, (5kV/cm)) 
3.35 
0 
C 
1 
Figure 7.3: Osc 
(k 
(a) 
(b) 
(C) 
(d) 
(a) 
(b) 
(c) 
(d) 
illograms of chopper waveforms at 2010 liz 
0.83) with the R-C plus series SR sharing network. 
Load current, (10A/cm), 
Load voltage, (2.5W/cm) 7, (200ps/cmý 
Input line current, ý10A/cm) 
Commutating capacitor Cc voltage, (5kV/cmj) 
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(ii) The filter capacitor at the rectifier output. 
An llkV, 20A industrial fuse is included in each arm of the rectifier 
bridge to interrupt fault energy from the supply. Its j2t and 
cut-off characteristics are such as to give protection for the 
thyristors and diode strings in the supply rectifier and chopper. 
A low ohmic resistor R' is used in the d. c. supply line to absorb the 
energy of the filter capacitor under chopper fault. In addition, 
ten 100OV, 20A semiconductor fuses in series are situated in the d. c. 
supply line to serve as the primary protection, in order to avoid 
blowing the llkV fuses where possible (Figure 7.10). 
7.3 HIGH FREQUENCY OPERATION OF THYRISTORS 
7.3.1 Device ratings 
The thyristor internal power loss is made up of separate com- 
ponents produced by the gate drive, turn-on, foward conduction, 
reverse recovery, and the leakage current when blockinto-1. The first 
two losses are inappropriate for diodes. Since the maximum junction 
temperature rise governs the device current rating, if the other 
losses become significant compared with the forward conduction. loss, 
the device MLISt be appropriately derated. 
At frequencies above about 40011z, switching losses assume 
importance. These occu r because turn-oil and turn-off (more specifically, 
reverse recovery) take a finite time)during which rising or falling 
device current and voltage may simultaneously have large magnitudes. 
These losses depend greatly on the circui. t-control. led variables and, 
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therefore, are impossible to predict accurately. -A nuler of methods 
of measurement have been used under conditions which are representative 
48 
of those in service If di/dt at turn-on is severe, it may be 
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necessary to allow for the resulting loss at low frequencies 
Manufacturers have only recently coiiunencod publication of 
thyristor.. rating data for high frequency operation on more than a 
minimal scale. The earliest characteristics accounted for half sine- 
50 
wave current pulses only ; now the data is being extended to 
51,52 
cover operation under rectangular current pulse loading 
Such information is only published for thyristors intended for high 
frequenIcy working and none is available for those used in the test 
chopper. 
7.3.2 The influence of voltaýe sharing components 
The inductance in. series with the thyristors has a large 
influence on the switching losses. Lowering the rate of change of 
rising and falling anode current reduces the internal loss at turn-on 
and tum-off respectively, though a high induced hole storage 
voltage spike at turn-off increases the loss. A seri. es saturating 
reactor, of adequate size, is very effective, since it -, ilmost 
COMpletely eliminates the switching losses by delayinoc the application 
of voltage until the devices have switched on, or completcd reverse 
recovery. 
In all cases except one, saturating reactors are connected 
in series With the thyrýstor and diode strings in the test chopper. 
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The reason for the exception is discussed later. 
7.4 VOLTAGE SHARING NET14ORK CONSIDERATIONS 
7.4.1 Factors of importance 
For practi. cal simplicity and best performance, the voltage 
sharing networks utilising shunt R-C's with a series saturating 
reactor, and shunt voltage regulaL-ing diodes, merit consideration 
for this application. The shunt transformer alternatives offer 
no additional advantages and introduce further complication and loss. 
A comparison is made, in the following sections, of the chopper 
performance with each of the two networks used on all the thyristor 
strings and, when suitably adapted, on all the diode strings. 
The voltage sharing components should have the minimum detri- 
mental effect on main chopper operation. The following factors, 
some of which have already been explained in section 3.6, assume 
special significance for high voltage, variable frequency worRing: 
(a) Voltage sharing network losses. 
(b) -The reduction of commutating capacitor voltage caused 
by its discharge through the voltage sharing components. 
(c) The effects of (a) and (b) on chopper output voltage and 
efficiency. 
(d) effects of time delays introduced by the series 
saturating reactors. 
7.4.2 Shunt'R-C and series SR components 
Full der-ails of the voltage sharing components are given in 
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arrangement (a) of Table 7.1. The low values of nominal string 
derating factor fS quoted, and the high wattage ratings of the 
thyristor voltage sharing resistors, ar ea result of the original 
intention tb operate the chopper up to lOkV. However, owing to 'the 
power supply limitation of 6016-7 for only a few minutes, a maximum 
voltage of 5kV has been used to allow an unrestricted variation of 
mark/period ratio within the chopper minimum mark and space limits. 
The volt-second ratings of the saturating reactors are based 
on the experience gained during the earlier work reported in 
Chapter 4. That in series with the diodes D2 (Figure 7.1) is of 
particular importance, since it is imperative that the reverse 
recovery current is blocked; othen, 7ise, there is a risk of premature 
interruption of Thl forward conduction as the commutating capacitor 
recharge oscillation through D2 is completed. Additionally, the 
presence of inductor L2 leads to a high hole storage voltage spike 
across D2 if SR is omitted. Mumetal cores are used for the series 
SR with diodes Df, owing to the rounder B-H loop compared with IICR 
alloy. The volt-second withstand between the retentivity and 
saturation flux levels dampens oscillation across the diodes at the 
second jump in the output voltage waveform (Figure 7.3(b)) when 
Th2 turns on, the reactor having already switched at the first 
jump when Thl turns on. 
7.4.3''Shtint regulating diode and series SR*coM onents 
The series saturating reactors are retained . to operate with 
the regulating diodes in order to reduce their rating and to reduce 
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the switching losses in the series thyristors and diodes. Although 
the reactors are not necessary from voltage sharing considerations, 
that in series with diodes D2 is essential for the reasons already 
given. Owing to overshoot of the commutating capacitor voltage a 
problem which is discussed in the next section - no SR has been 
included. in series with diodes Df for the chopper performance tests. 
Table 7.1. arrangement (b), gives the voltage sharing component 
details. The regulating diodes are connected back-to-back for the 
thyristors, whereas for the diode strings, Zf is replaced by a low 
voltage diode D (Figure 7.1) to block any forward current path round 
the main diode. 10 watt regulating diodes are required across the 
faster recovery diodes in string Df owing to the inadequacy of 1 watt' 
devices at the higher operating frequencies. This is a direct' 
result of omitting the series saturating reactor. 
The only new operating feature concerns the saturating reactors. 
Any SR is saturated positively during the fon,, ard conduction of its 
associated thyristor or diode s tring. It is ýhcn magnetised 
negatively as it holds reverse voltage when this is applied. 
If its volt-second rating is low, SR can saturate negatively before 
the thyristor, or diode, reverse recovery is complete. With higher 
volt-second ratings, negative inagnetisation ceases (if device leakage 
is neglected) when V /V (= x) devices have completed their reverse R zr 
recovery; the shunt regulating diodes do not thereafter provide a 
good i-aagnetising'path as does the R-C chain. The core therefore 
operates on some minor loop of its B-H characteristic, with the 
negative displacement of flux from the positive saturation level 
providing a volt-second hold-off of forward conduction when this 
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is next due. 
7.4.4 The saturating reactor in series with the freewheeling diode string 
Consider a series saturating reactor SR used in conjunction with 
regulating diodes across the freewheeling diode string D not 
shown in Figurc 7.1). When load current flow is continuous, the 
forward current through Df is interrupted when Thl is gated to 
switch the d. c. supply to the load at the commencement of the marR 
period of the output voltage. The SR core is magnetised during the 
diode reverse recovery, as described in the previous section. If 
the SR volt-second rating is low, the core flux inay revert to -4) r 
(Figure 4.1 (b)). At the end of output voltage inark, the linearly 
falling output voltage reaches zero'(Figure 7.40)) as the comutating 
capacitor Cc voltage rises to the level V d' SR will not allow 
diodes Df to take over load current conduction at this point, since it 
must saturate positively (perhaps from -4) r) 
first. CC therefore 
continues to charge to a voltage greater than V d' the output voltage 
then going negative to the level required to provide the necessary 
volt-second integral to saturate SR positively. As SR saturates, 
the output voltage abruptly reverts to zero (neglecting Df forward 
voltage drop). If the d. c. source can accept reverse current (as 
here), C then discharges back through D and D2 With c C-1 f, 
L2 an 
oscillatory half-cycle; the voltage reduction is approximately 
equal to the initial overshoot above V d' The oscillograms of Figure 
7.4 well demonstrate this effect, which necessitates the use of a 
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(a) 
(b) 
(c) 
(d) 
Figure 7.4: Oscillograms of chopper waveforms illustrating the 
effect of using a series SR with shunt regulating 
diode components for the freewheeling diode string. 
(a) Load current, (5A/cm) 
(b) Load voltage, (2.5 * 
kV/cm, 
(500ps/cmý 
(C) Supply line current, (5ýi/cm, ) 
(d) Commutating capacitor Cc vol. tage, (2.5kV/cm7) 
Frequency = 805 Ez, supply voltage = 3450V. 
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reduced operating voltage. 
This overshoot problem is not so severe when a saturating 
reactor is used in conjunction with shunt R-C components. Unlike 
the regulating diodes, the R-C components allow SR to reset 
positively during the linear fall of output voltage, in the same 
way as described in'section 4.3.2. The reset may be completed before 
the output voltage reaches zero, the time to saturate being again 
given by equation (4.7),. in which case the presence of SR introduces 
no appreciable overshoot. A small degree of overcharging of C 
is produced by the supply inductance and that in series with thyristors 
Th2, although this is not felt across the load. The oscillograms 
of Figure 7.5 illustrate this behaviour and allow comparison with 
those of Figure 7.4. The calculated time for SR to saturate during 
the linear fall of voltage (from equation 4.7) is 581is. 
The adverse effects of the commutating capacitor*voltage overshoot 
are as follows: 
(a) The mean output voltage and current' 3- and the 
. mean input 
current, are reduced. 
(b) The fon. 7ard blocking voltage which Thl must withstand is 
increased. 
(c) The turn-off conditions of Th2 are more severe. 
(d) The energy available for commutation is lowered, giving a 
consequent reduction*of Th, reverse bias time. 
It is evident, therefore, that the size of-any saturating re-actor 
connected in series with the freewheeling diode string must be 
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(a) 
(b) 
(c) 
(d) 
Figure 7.5: Oscillograms of chopper waveforms illustrating the 
effects of using a series SR with shunt R-C 
components for the freewheeling diode string. 
(a) Load current, (5AIcm, 
(b) Load voltage, (2.5kVjcmý (500lis/cm). 
(c) Input line current, (5A/cm, ) 
(d) Commutating capacitor Cc voltage, (2.5kV/cmj) 
Frequency = 805 Hz, supply voltage 3450V. 
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limited in order to produce zero or a very small overshoot. If 
shunt regulating diodes are used, SR may have to be dispensed with, 
thereby increasing the regulating diode dissipation and the main 
powe; diode switching loss. 
7.5 CHOPPER lqý&N D. C. OUTPUT VOLTAGE 
7.5.1' Variation of output voltage with mark/period ratio k 
The mean d. c. output voltage Vz ideally varies in direct 
proportion to k and is therefore given for the test chopper circuit 
by 
t 
InI m2 vd 
Making allowance for the forward voltage drop V ti of 
Thl, for the 
reduction of the output voltage peak from the ideal 2V d. to 
(V 
d-Vtl +V R)$ 
and for the'voltage drop across the series line resistance R, the 
mean output voltage is given by 
VI[t 
M2 
(Vd-V 
tI +V 
R'(mcan Id). (7.2) 
kY 
(Vd-Vti) tmi + '21 
It is apparent that the fall. in output voltage below the ideal. is 
very much dependent on. V R and the proportion of the mark m taken 
by 
t The calculation of V making allowance for the voltage drops, 
m2* R' 
is discussed in the next sections for each of the two voltage sharing 
networks considered. 
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7.5.2 Voltage drops with the R. -C network 
Neglecting the delay introduced by the saturating reactor in 
series with Thl, the drop in capacitor Cc voltage from the-initial 
(ideal) Vd to the f inal VR must be determined by considering the 
separate drops which occur during successive stages of the operating 
sequence (section 3.6.3). The individual components are: 
(a) The assunied constant fonqard voltage drops Vt,, V t2 and 
V d2 of . 
Thl, Th2 and D2 respectively. 
(b) The Q factor of L2 gives a voltage reduction by a factor 
of e-'T"Q during the commutating capacitor charge revcrsal 0 
oscillation (the duration is iri7l--ýC-c approximately, f rom 
Appendix II). 
(c) The requirement to charge the capacitors C across the 
blocking thyristors and diodes gives a voltage reduction by 
a factor of 
(c+ 
ý777n] in each case. 
I (d) The discharge of Cc through the Rs chains across D2 and 
T112 in parallel, for an interval equal to (t ml - 
IT 1IL-9 C-1 
(e) The charge required to cancel Thi forward current produces 
a voltage drop I 2/2CjLI Where series saturating f dt 
off 
reactors are present, the discharge due to device reverse 
recovery charge flow can be safely neglected. 
Assume that Cc is initially charged to the suPPIY voltage Vd, 
On compIe tion of the charge reversal oscillation. through Thl, 1)2 and 
L2, the volta. ge across Cc is given by 
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V e-7r 
/2Q 
_vv 
cc cc 
d ti - d2] Cc +C t2 
/n 
t2 cc +c d2/7d2 
The symbols previouslyundefined are given in Table 7.1. Devices 
Th2 and D2 n, ext block for a time (t. 1 - ITVIL-2CC); the time constant 
of Cc discharge during this time is 0.03 seconds, calculated 
from the appropriate values of Cc and Rs (Table 7.1). Then, when 
Th2 is gated, Thl forward current is first cancelled and the capacitor 
chains across Thi and Df are chirged, giving a final value for VR 
equal to 
v e- Ti/2Q -vv 
cc cc 
-(tmi-173)1(0.03xlo6) 
ti C+C- 7-n7t-- /n--, e d d2][ t2 9) Cc + Cd2 d2 c2 
12cc 
di vx -c- 
c (7.3) 
+ di n 
T- 
kTc 
ti 
/ 
ti C df 
/n 
df 
I 
dtýl 
off 
7.5.3 ' 'Volta (, -'dro-ps with the regulating 
diode network 
The voltage drops introduced by capacitors C and resistors Rs 
are now absent. Equation (7.3) can therefore be directly modified 
to give 
12 
- T/2Q 1f veVV -C v (7.4) dt1d2ct2 Jd3t* 
of f 
7.5.4 Chop. er voltage regulation 
. I. n a. c. power transformer practice, the output voltage drop 
from the nominal (ideal) value is usually quoted as a voltage 
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regulation. It is convenient to similarly'define a voltage 
regulation for the d. c. chopper in terms of the mcan d. c. voltages. 
Then 
voltag 
.e 
regulation = 
kV d-vzx 
100%. (7.5) kV d 
7.6 CHOPPER LOSSES AND EFFICIENCY 
7.6.1' Prediction of losses 
The main chopper losses can be estimated relatively easily from 
the measured (or calculated) currents, voltages and durations of 
conduction t 
mj$ 
t 
M2 and 
the period T of the operating cycle. Some 
approximation is necessary in order to restrict the labour involved. 
The losses, grouped in two categories are listed below: 
(a) Main Chopper component losses. 
Thyristor and diode forward conduction losses. 
Thyristor and diode switching losses. 
Resistance losses in inductor L2 and the line resistor R'. 
(b) Voltage sharing network losses. 
'Steady-state sharing resistance R. loss, or the equivalent s 
regulating diode steady-state loss. 
Transient sharing component R loss, or the equivalent 
regulating diode loss. 
Core loss in the series saturating reactors. 
Appendix VI gives the idealised waveforms and the derived expressions 
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from which the above losses have been calculated for the test chopper. 
The results are shown in Figures 7.6 and 7.7 for a fixed chopper 
mark/period ratio k and variable frequency, and in Figures 7.8 and 
7.9 for a fixed frequency and variable k. 
The specific loss behaviour patterns depend on the detailed 
operation of the chopper, but the principal effects can readily 
be discerned from the characteristics. The sharing network transient 
loss increases in proportion to frequency, whilst the steady-state 
loss decreases slightly with frequency because more of each cycle 
is taken up with the commutation process. The saturating reactor 
core losses increase with frequency. The transient voltage sharing 
losses are unaffected by a changing mark/period ratio k (Figure 7.8) 
except with regulating diode voltage sharing. Then the absence of a 
saturating reactor to control the reverse recovery current of diodes 
Df leads to increased regulating diode dissipation as the interrupted 
free-wheeling current increases with increasing k. The steady-state 
losses similarly increase slightly with k due to T'12 2, D2 and Df 
blocking for an increasing period. 
The iposL important result is the reduction of -the voltage 
sharing network losses obtainable at high frequencies by using 
regulating diodes instead of R-C's (Figures 7.6 and 7.7). This is 
offset to a small extent by the increased reverse recovery loss of the 
freewheeling diodes Df, which shows in the higher thyristor and 
diode losses (Figures 7.7 and 7.9). The thyristor and diode conduction 
loss. es increase slightly with both frequency (due to the commutating 
capacitor recharge oscillation) and with k (due to the increased 
durations of device conduction). 
150 
Total 
1000 
0 
0 
: 3: 
4-1 
0) 
Cli 
X, 
co 
J-j 
r-4 
0 
2000 
1500 
500 
Transient loss 
(in R's) 
Steady-state loss 
"s) 
In SR's 
0 
(a) 
250 
200 
150 
100 
50 
0 
D tal 
ransient loss 
teady-statc loss 
ii SR's 
Figure 7.6: Variation of calculated voltage sharing network 
losses with frequency, mark/period ratio bcing 
maintained constant (= 0.887). 
(a) R-C plus SR components (Table 7.1) 
(b) Regulating diode components 
I 
500 1000 1500 2000 
Chopping frequency (Hz) 
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Independent of sharing network 
With R-C plus SR network 
With regulating diode network. 
3500 
3000 
Z-- 
, Total chopper loss 
/ 
2500 
2000 
1500 
1000 
Total voltage sharing 
network loss 
Total circuit IL 
resistance loss 
-Th 500 
yristor and diode 
losses 
0 500 1 000 1500 2000 Chopping frequency (11z) 
Figure 7.7: Comparison of calculated chopper losses using both 
voltage sharing networks, wi. th frequency variable and 
mark/period ratio constant 0.887). 
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Figure 7.8: Variation of voltage sharing network losses with 
mark/period ratio, frequency being maintained 
constant (500 Hz). 
(a) R-C plus SR components 
(Table 7.1) 
(b) Regulating diode component s 
(a) 
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Figure 7.9: Comparison of calculated chopper losses using both 
voltage sharing networks, with mark/period ratio 
variable and frequency constant (500 Hz). 
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It is apparent that a very serious loss is introduced by the 
inclusion of the line resistor R'. Although not strictly a chopper 
component, it is a necessary part of the protective system and its 
detrimental effect on chopper operation must be acknowledged. 
7.6.2-Chopper: efficiency 
Chopper efficiency will be quoted in three ways whicb are related 
to the methods used for power measurement (see section 7.8.1). 
Considering the primary chopper function of d. c. transformation, 
the ratio of d. c. output power to d. c. input power will be termed 
the d. c. efficiency. Then, if subscript 'Z' denotes load and 'd' 
denotes d. c. supply, and all values are mean unless otherwise 
stated, 
vkI 
d. c. efficiency vI dd 
(7.6) 
The supply voltage Vd will be assumed constant. 
If. thq load current ripple is high, the above definition Will 
not represent the 'overall' efficiency of the chopper. The total 
output power must be then used to give a realistic efficiency 
value. The output power is obtained in two ways: by subtracting the 
total calculated loss (Figures 7.7 and 7.9) from the measured 
chopper input, and by using the measured r. ia. s. load current and the 
load resistance. Hence, 
efficiency = 
vdId- total loss 
t- 
dId 
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and 
efficiency = (7.8) 
dId 
7.7 LOAD CURPENT RIPPLE 
The basic chopper theory given in Appendix V shows that for 
the idealised chopper with a load of resistance R P. and 
inductance L., 
with*d. c. supply voltage V d' the peak-peak load current ripple AI z 
is 
given by 
AI 
Vde -TRk/LZ _ 
_e 
(T-m)RZ/Lk 
e mRZ/Lk + (V. 11) 
9,71- TR 2, e Z/Lk 
This expression is based on an exponential current rise. The 
test chopper load current includes an additional oscillatory 
current peak during t m2 
(Appendix II and Figure 7.3(a)). Therefore 
the peak-peak ripple will be a little higher than is given above. 
7.8 EXPERIMENTAL RESULTS 
7.8.1 Instrumentation 
The requirement for measuHng voltage, current and power with 
pulsed waveforms ovc. r a frequency range of 50-2000liz at voltages 
which reach lOkV peak are unusual. Accurate power measurennnt 
particularly difficult. 
The'instrumentation is chosen from that immediately available 
and is shown in Figure 7.10. The voltage sharing networks are omitted 
but the main chopper component values are given since these, in certain 
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cases, influence meter scale factors. The resistance columns used 
for the input and output voltage measurement have been calibrated 
tggether against a digital voltmeter, and all the armieters against 
a previously calibrated hot-wire meter connected in the earthy 
supply line. The mean currents are indicated from the voltage drops 
across the coaxial shunts Sh. 
The need to position the meters outside the high voltage area 
which acconrnodates the power circuitry has necessitated the use of 
long screened coaxial, and twisted pair, connecting leads. Care has 
been necessary in order to avoid earth loops. 
The operating conditions make the use of a dynamometer watt- 
meter inappropriate for power measurement. A substandard air-cored 
wattmeter of this type, used in conjunction vith a current shunt 
having a time constant matched to the current coil of the meter, 
has been utilised elsewhere to measure chopper powers at a much 
46 
lower voltage . An air-cored. wattmeter situated on the earthy 
side of the chopper did not prove successful here. 
. If the d. c. input voltage Vd is constant, the input power is 
given simply by the product of this voltage and the mean input 
current, irrespective of its waveshape. Since the supply filter 
(Figure 1.9) is designed to limit the peak-peal, voltage ripple to 
within 4%, of V d' this method of calculating the input power is used 
throughout. If the load current is s mooth, the output power is 
similarly given by the. product of the current and the mean value 
of the pulsed, output voltage. Calculation of d, c. efficiency 
(equat ion 7.6) is based on this. However, the levels of load 
I 
current ripple present, particularly at the lower operating 
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frequencies, make the method inappropriate for the measurement of 
total load power. A basic 12R technique has therefore been adopted. 
The r. m. s. current is measured by an electrostatic voltmeter 
connected across a known section of the substantially non-inductive 
load resistor R., whose d. c. resistance is accuritely known. Air 
cored inductors are necessary for L,., to avoid iron losses. 
The power loss in the supply line resistor R' is obtained 
from its r. m. s. current measured in a similar way. 
7.8.2 *Measured results 
The ratio of the measured chopper mean output voltage to the 
d. c. input voltage for various values of mark/pcriod ratio k and 
frequency are plotted in Figure 7.11. They are compared with the 
ideal values established from equation (7.1). Table 7.2 compares 
the measured and calculated mean d. c. output voltage and voltage 
regulation for the two extreme operating frequencies, with both 
voltage sharing networks. 
The variations of chopper efficiency with frequency and with 
mark/period ratio k are shown in Figures 7.12 and 7.13 respectively. 
The three separate plots of efficiency are derived from equations 
(7.6), (7.7) and (7.8). 
Figure 7.14 shows the measured values of peak-peak load current 
ripple for various values of frequency and k. For comparison, the 
characteristics derived from equation (V. 11) are given also. The 
restricting effect of the minimum allowAle mark on the Working 
range of k, and therefore on the output voltage, as frequency is 
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increased is well demonstrated. The minirp. um mark characteristic 
has been drawn with an assumed minimum t ml of 
200ps and the appropriate 
value of t calculated frop equation (II. I. 1). m2 
7.9 DISCUSSION 
7.9.1 'Chopper . output I voltage 
The measured mean d. c. output voltage falls, as expected, 
below the ideal value (Figure 7.11), the fall tending to be greater 
at high frequencies, though this is not consistently demonstrated 
owing to experimental inaccuracy. Close correlation between the 
measured and calculated valuesof voltage regulation in Table 7.2 
cannot be expected since, by definition, regulation is the small 
difference between two large quantities. More meaningful is the 
acceptable agreement between the mean output voltage values.. The cal- 
culated figures for the thyristor Thl peak reverse voltage V R 
demonstrate the. greater discharge of the commutating capacitor 
through. the R-C networks than through the regulating diodes. ThIs 
is particularly apparent at the lower frequency owing to the presence 
of the resistors Rs However, the more moderate fall of VR below 
Vd at high frequencies more affects the mean output voltage. because 
t 
M2 
is a larger proportion ofthe output voltage mark in (section 7.2). 
7.9.2''Chb2per efficienc 
The values of efficiency calculated by the three different 
methods ýsection 7. *6.2) correspond well at the higher chopping 
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frequencies (Figure 7.12), and mark/period ratios (Figure 7.13), 
where the load current ripple is low. The values obtained by using 
the measured r. m. s. load cuýrent are generally lower than those 
given by the predicted losses; some loss is inevitably unaccounted 
for, and there is an apparent deviation of the effective load 
resistance from the measured d. c. value, this being more pronounced 
at the higher levels of load current ripple. D. C. efficiency values 
are the lowest, since load ripple power is ignored in its calculation. 
This is naturally more evident at low frequencies and lo-,. y values of 
k. 
The efficiency falls slightly with increasing chopping frequency, 0 
more so with the R-C sharing network than with the regulating diode 
network. This can be anticipated from the results of the loss 
analysis (Figure 7.7). The relatively constant voltage sharing network 
losses, at a set operating frequency, are largely instrumental in 
reducing efficiency as k is lowered and the output power correspondingly 
reduced. Approximate output power values are provided in Figure 7.13. 
to give added dimension to the results. 
7.9.3' 1,6ad'cilrrent ripple 
The measured peak-peak load current values compare adequately 
with the idealýsed characteristics (Figure 7.14), a peak-peak 
ripple of 15.7A indicating that the load current flow is discontinuous. 
The characteristics well illustrate the advantages of high frequency 
workihg for ripple limitation. 
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7.9.4 Summarising comments 
No results have been quoted for thyristor and diode voltage 
sharing since this is, in all cases, satisfactory. Readily available 
components have been used. Although the thyristors are selected 
for fast turn-off, the diodes are standard types and proved, under 
prelimin nry test, to exhibit a wide spread of reverse recovery 
characteristics, some having very high values of Qr (Table 1.2). 
It must be stated that chopper operation would not have been 
possible with the basic R-C network (Figure 3.1). The inclusion 
of the series saturating reactor, to control the thyristor and diode 
reverse recovery effects, provides the base for practical high 
voltage d. c. chopping. Further, it allows the extension of operating 
frequencies into the low kilohertz range without invoking high 
device switching or voltage sharing network losses. Only when used 
in series with a freewheeling diode string does it introduce serious 
disadvantages;. these depend greatly on the applied voltage waveform 
andthe sharing components across the diodes. 
Performance of-the test chopper, in terms of output voltage 
I 
and efficiency, is shown to be extremely good with both voltage 
sharing networks. Undoubtedly the modest current level contributes 
to this, in conjunction with the low sharing network losses. 
Extrapolating the calculated losses for increasing operating voltages 
yields the following results,. assuming an unchanged current level. 
For lOkV, with the string derating factor fS doubled, the calculated 
effi6iency at2000l-lzxTould fall from 93% to 89% with the R-C networks; 
that with the regulating diode networks would remain virtually constant 
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at 97%. Extrapolating further to 20kV, with double the number of 
devices in series, the relevant efficiencies become 80% and 97%. 
The regulating diode components therefore provide most scope for 
high frequency working at very high voltage levels. 
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CHAPTER 8 
CONCLUSIONS AND POSSIBLE FUTURE APPLICATIONS 
8.1 CONCLUSIONS 
8.1.1 Discussion 
It has been demonstrated that forced commutation of series 
connected thyristors can be satisfactorily achieved by the use-of 
suitable voltage sharing networks. These have been developed for 
the purpose. The networks remove the constraints on main circuit 
operation which are present with'the usual resistive-capacitive net- 
works. Their better control of thyristor reverse recovery effects 
and low loss are of part icular importance in this respect. They 
provide reliable thyristor turn-off and, suitably chosen, allow operation 
at, very high frequencies. 
In general, the new voltage sharing networks provide more uniform 
voltage distribution than does the basic resistive-capacitive con- 
figuration. Consequently, fewer thyristors are required in series for 
a given operating voltage. It has been established that, with only 
voltage regulating diodes used as the shunt components, turn-off can 
be perfectly satisfactory despi te the very poor voltage sharing. The 
networks are also suitable for. naturally commutated thyristor strings, 
within the limitations imposed by the variable coimuutating voltage 
produded by firing angle control. They can readily be adapted for 
use with series connected diodes. 
The series saturating reactor with shunt R-C components forms the 
169 
most simple arrangement, although the reactor becomes a large component 
at high voltage and current levels. The series saturating reactor can 
also be usefully employed with parallel voltage regulating diodes. 
Networks utilising regulating diodes have found little favour in the 
past. This unpopularity may be due to uncertainty regarding their 
reliability, the unavailability of high voltage types, and the cost in 
comparison with R-C components, which are required in addition if high 
dV/dt conditions are encountered. There is no doubt that, although 
reliable under healthy conditions, regulating diodes are more prone to 
qamage than R-C components on circuit malfunction. Their relative 
costs are comparable at 5kV, amounting to about 5: 1.40 per thyristor 
for the experimental chopper (Chapter 7). However, the cost of the 
regulating diode network increases approximately in proportion to 
the operating voltage whereas the rise is less pronounced with R-C 
components. Regulating diodes are the more appropriate for any future 
high voltage, high frequency applications, where the increased capital 
expenditure will be offset by the greater operating efficiency. 
The shunt transformer networks are not particularly attractive 
in view of their increased complexity and generally inferior voltage 
sharing performance compared with the series saturating reactor plus 
shunt resistors and capacitors. The componants are relatively inex- 
pensive, amounting to EO. 60 per thyristor for those used here (Chapter 
5), but the higher additional cost of transformer manufacture is not 
included in this figure since the units were purpose-bidlt in the 
department. The overall cost in addition to that of the R-C components 
therefo re becomes sig nificant. Nevertheless, these networks have the 
technical advantage of providing a reverse voltage across each 
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thyristor. They can therefore play a useful part in situations where 
turn-off is difficult. 
The establishment of safe and efficient forced commutation opens 
the way to a new range of high voltage applications for thyristors. 
The potential importance of this depends on the satisfactory solution 
of the re'Maining associated problems and on the demand, in relation to 
other technical and economic factors, for the applications which then 
become feasible. The possible applications may be divided into two 
broad categories: those related to d. c. -a. c. conversion (inverters), 
and those to direct d. c. -d. c. conversion (choppers). These are reviewed, 
together with the outstanding technical problems, in subsequent sections. 
8.1.2 Summary of the work covered 
(a) The measurement of thyristor turn-off time, and thyristor and diode 
removed reverse recovery charge, leading to an asses sment of the' 
degree of influence which circuit factors have on these properties. 
(b) The establishment of appropriate methods for measuring thyristor and 
diode minority carrier lifetime, which is necessary for the design of 
the series saturating reactor. 
(c) Statement of the problems of operating tbyristors or diodes in series, 
and of the defects o. f the basic resistive-capacitive voltage sharing 
network with forced commutation. 
(d) The provision of voltage sharing networks, with a design procedure for 
each, -which give improved performance at thyristbr turn-pff or diode 
reverse recovery. These networks have three main forms: 
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(i) A series saturating reactor used with parallel resistive- 
capacitive components. 
(ii) Parallel transformers used with parallel resistive-capacitive 
components. 
(iii) Parallel voltage regulating diodes used with or without other 
R-C and magnetic components. 
(e) Overall assessment of the performance obtainable from networks 
and (iii) used, in turn, on all the series thyristors and diodes in a 
high voltage, variable frequency, d. c. chopper. 
8.2. POSSIBLE FUTURE APPLICATIONS 
8.2.1 Forced comutation in the conventional h. v. d. c. conv_e_rter 
A number of methods have been proposed for forcing the conumitation 
of mercury arc valves in the naturally commutated h. v. d. c., three- 
53 
phase bridge converter . These are aimed at overcoming the 
inherent 
delay in commutation (commutation time or overlap), and at removing 
the need to make allowance for the valve deionisation time (the 
equivalent of thyristor turn-off time), which is particularly important 
with the converter in the inverted mode. The converter can then 
effectively operate at a reduced or zero firing angle. This lessens 
its very considerable reactive power demand on the a. c. system and 
therefore reduces the 
.c. 
apacitive compensation required 
2'3' 53 
Forced'commutation hasý however, proved unattractive both technically 
and e conomically with mercury arc valves. The capability of the 
thyristor for withstanding the increased electrical stress imposed 
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during couumltat3-on removes ýtechni cal constraint, but it remains to 
be seen whether forced commutation will become economically viable. 
At the present time this seems doubtful. 
8.2.2 High voltage d. c. supply to a dead a. c. load 
If there is no synchronous system on the receiving a. c. side of 
the inverter to establish the commutating voltage for the thyristors, 
forced commutation must be employed. Force-commutated inverters of the 
required form are used at low voltages, particularly for high or 
variable frequency a. c. supplies. 
The relevance of force-commutated inverters to h. v. d. c. trans- 
mission lies in two possible applications: 
(a) Miere power is to be transmitted, probably by submarine cable, 
to a remote situation. without its own synchronous a. c. system. 
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(b) In reinforcement of a. c. distribution systems by 11. v. d. c. link 
The technically simpler alternative to forced commutation for (a) 
is to incorporate a rotating synchronous compensator to ýrovide the 
converter commutating voltage and supply the reactive power. Forced 
commutation might be more attractive for small schemes. The need for 
forced commutation with (b) arises because reinforcement will be most 
effective if the d. c. links are capable of operating without a 
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synchronous a. c. system at the receiving end . Even at low voltages, 
force-commutated inverters are complex and expensive, and filtering 
of the output is essential if sinusoidal a. c. is required. As a con- 
sequen ce, their use has expanded only slowly. The cost of development 
for high voltages would be very heavy and the present trend of thought 
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is to avoid their use by always ensuring the receiving a. c. system is 
paralleled with a synchronous source. 
8.2.3 D. C. choppers for traction 
An efficient, reliable and smoothly controlled, variable voltage 
supply system for d. c. traction notor speed control has always been 
a great need. The d. c. chopper offers a performance which greatly 
surpasses that of the traditional series resistance control, though its 
reliability in prolonged service is not yet proved. 
In addition to its use as a traction motor controller, the d. c. 
chopper can replace the usual motor-generator set for stepping down 
supply line voltage to about 100V for auxiliary supplies. The lack 
of electrical isolation is here a disadvantage and an alternative 
system using a force-commutated inverter and transformer to supply 
a. c. auxiliaries is more attractive. 
The prospect of high voltage d. c. traction with a 20-25kV d. c. 
overhead supply appears to be remote in this country, where we are 
now committed to 5011z a. c. traction except for Southern Region of 
British Rail. In this case high voltage d. c. would be inappropriate 
owing to the high traffic density and third rail system used. There 
may perhaps be developments in h. v. d. c. traction in countries WhiChs as 
yet, have no established traction system. 
8.2.4 High voltage d. c. transformation using choppers 
High voltage d. c. transmission has so far been limited basically 
to the interconnection of separate a. c. systems at two points. The 
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reasons for this are as follows: 
(a) The lack of a circuit breaker capable of interrupting d. c. at 
high voltages precludes any d. c. tee-off which requires independent 
switching. All on-load switching operations inust be performed on 
the a. c. side of the converters or by valve grid control. 
(b) There is no d. c. equivalent of the a. c. power transformer; 
distribution by direct current has therefore not been possible. 
It is unlikely that the present balance between a. c. and d. c. 
working will be greatly changed for some years to come. However, the 
53 
advantages of h. v. d. c. transmission make it attractive when con- 
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sidering future supply system expansion , and it is worthwhile to consider 
the possible future role of the d. c. chopper in h. v. d. c. transmission 
systems. In principle, it can provide a solution to both limitations 
(a) and (b) above, and also serve as a controller of power flow. 
Working on the assumption that a high voltage d. c. chopper should 
fulfil a similar purpose to the a. c. transformer, together with its 
additional switching and control functions, the following factors are 
important when considering the possible alternative forms of chopper 
which can be used: 
(i) The ability to handle any likely type of load: resistive, 
inductive, with or without back e. m. f. 
(ii) The ability to accept load immediately it is applied without 
the need to switch on. 
(iii) The ability to automatically handle power flow in either direction. 
(iv) Smoothing of current on the high voltage and low voltage sides. 
(v) The ability to withstand all fault conditions and interrupt fault 
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current if used as a circuit breaker. 
(vi) High efficiency. 
(vii) Excellent reliability. 
(viii) The ability to control output voltage. 
Factor (ii) necessitates the commutation circuit being independent 
of the load, which eliminates a number of chopper configurations 
including the circuit used in Chapter 7. Point (iii) is also restrictive 
since it implies that the chopper must accept reverse power flow without 
any change of connection. A circuit which fulfils these particular 
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requirements has been used at low voltages .A mechanical switch 
would be needed in series to give complete electrical isolation. 
8.3 OUTSTANDING FUNDAMENTAL PROBLEMS 
8.3.1 Overcurrent protection at high voltages 
Thyristor and diode overcurrent protection must be considered 
from two points of view, namely, overload and short circuit. The 
technique now being used with h. v. d. c. thyristor 'valves' is to 
connect sufficient series thyristor strings in jarallel to allow for 
the worst Surge conditions, and then rely on the constant current 
53 
compounding of the rectifýing converter to control overload and 
slower rising fault currents. This compounding automatically reduces 
the output voltage sufficiently to maintain the current very nearly 
constant, even down to zero voltage. On severe short circuit, fast 
I 
gate signal blocking and a. c. circuit breaker tripping are used. 
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Constant current compounding can be similarly used on a chopper 
by suitable control of mark/period ratio. So also can gate signal 
suppression to give more rapid fault clearance, though reliance must 
be placed on the output filter inductance to sufficiently limit the 
rate of current rise. Satisfactory commutation is essential,, as is 
adequate 'thyristor surge current r: ating, since thyristor forward 
blocking capability is first lost on excessive tempera ture rise. The 
rapid detection and isolation of the equipment from the d. c. supply 
is necessary on a commutation failure or a severe short circuit. The 
provision of such overcurrent protection poses a severe problem and 
two perhaps complementary forms are suggested below. 
Past acting II. R. C. fuses have been developed for semiconductor 
protection at a. c. voltages up to about 5kV. Fusing is usually more 
difficult in d. c. circuits where loads are frequently very inductive, 
and fuses must be operated at d. c. voltages well below their r. m. s. 
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a. c. circuit rating under these circumstances Given the demand, it 
is to be expected that semiconductor fuse voltage ratings will increase 
to much higher levels. Progress is being made, particularly by 
Continental manufacturers in this direction. The II. R. C. fuse may 
therefore provide the ultimate overcurrent protection, but a shut7 
down of the equipment is necessary for replacement. 
For automatic fault c1carance and re-start, another protection 
system is required. Since use of a mechanical circuit breaker is not 
possible, the solution to this problem may lie in the use of an 
elect: rical i. Titerrupter with a mechanical isolating switch intended only 
for no- load operation. Týe 'electronic crowbar' technique could be 
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used to induce rising fault current from the thyristors to a fast- 
switching thyratron connected across the d. c. input lines. The 
thyratron has a. much higher surge rating than the equivalent thyristors. 
A promising device for use in this way is the thyratron d. c. circuit 
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breaker This utilises a deuterium-filled thyratron, trigered into 
conduction conventionally at its grid but turned off by the application 
of an axial pulsed magnetic field produced by an external coil wound 
concentrically with the thyratron case. Both turn-on and turn-off 
times are typically a few tens of microseconds. Experimental units 
have been tested up to l2kV, but much higher operating voltages are 
envisaged with peak currents in excess of lOkA. 
8.3.2 Harmonics and their effects 
The fast switching produced by forced commutation invariably 
gives waveforms which are grossly non-sinusoidal if alternating, and 
high in ripple content if direct. The harmonic currents, and voltages 
create distitrbances both in the power system and in neighbouring 
communication circuits. 
The advent of h. v. d. c. transmission has led to considerable 
attention being given to the effects of harmonic currents fed back 
into the a. c. supply by the converter, and the effects of the ripple 
harmonics . in the d. c lines 
53,60 
Telephone interference has posed 
problems. For traction application especially, interference could 
render track and other signalling circuits inoperable. 
The viability of schemes utilising force-conimutated thyristors 
could ultimately depend on the effeý, tiveness of the filtering of the 
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stepped waveforms generated, and the additional costs incurred in 
making provision for this. 
8.4 FUTURE WORK 
It will be many years before some of these examplos of forced 
commutation of thyristors find industrial application, since they 
represent a great advance in high voltage d. c. practice. There is 
considerable scope for further work in this field, and to further 
the ideas propounded, research is required into the following topics: 
(a) The overcurrent protection of semiconductor rectifiers operating 
at high voltages. 
(b) An investigation into suitable chopper circuits for the trans- 
formation of d. c. at high voltages in accordance with the require- 
ments stated in section 8.2.4. 
(c) The investigation of current and voltage harmonics and radio- 
frequency interference generated by high Voltage choppers, 
together with the methods by which their deleterious effects 
can be diminished. These methods will fall into two areas- 
(i) The precautions which can be taken in chopper design to 
reduce the rates of change of voltage and current which 
. generate 
the interference. 
(ii) The degree of, filtering and screening required for interference 
suppression. 
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APPENDIX I 
EXPERIMENTAL APPARATUS 
1.1 CIRCUITS FOR PRELIMINARY MEASUREMENTS ON THYRISTORS AND DIODES 
(a) Thyristor turn-off time measuring circuit (Figure I. 1). 
Features additional to those mentioned in section 2.5.1 are: 
(1) The thyristors (Th s, 
Th 
r and 
Th f) are timed to conduct during 
their supply voltage negative half-cycle, enetgy then being 
drawn from the reservoir capacitors. 
(2) The circuit gives the following maximum values: 
forward current = 30A, 
reverse voltage 20OV, 
forward blocking voltage = 30OV. 
(3) Turn-off time measurements are made on a 545B Tektronics 
oscilloscope with a type CA plug-in unit. The current 
probe is a Hewlett-Packard type 1110A with a tyj)eIlllA 
amplifier and the lOx voltage probe is Tektronics type P6006. 
(b) Timing circuit (Figure 1.2) for the measuring circuit thyristors 0 
(Figure I.. l). 
(1) Thyristor A is gated during the supply voltage negative 
half-cycle and its conduction maintained by the 100jjF 
I. capacitor discharging through the adjacent 1000 resistor. 
When thyristor A turns on, a pulse is generated to trigger 
1.87 
bo 
'd r4 
w ý4 (13 - : ý: u 4-1 
0 
ý4 C) 4 80 
0 -4 0 
114ý N > 
CF 
tn 
C) 
C> 
-Q!, 
C-- 
0 
-W 41 4-1 co 0 
rn ., I a) (1) >WPPa 
C) 
PA >N ý4 0 
4-3 
Ln C' C> 2 in 
C:, 
ý4 cli 
C) 41 
I-A 
C%j ;> 
el 
IQ 
fl- 
z 
;4 
4-J 
44 
4-4 
0 
1 
04 
4-1 
ý4 
0 
41 
U) 
ý4 
>1 
=1 
E-4 
tA- > 
4,0 
: 212" 
073: C F- 
Lri CD AU JD m %#IN 
CD 
C) 
-ICE' ! 2l 
-c: C >. LM r_3 
" Lt'# 
U- 
CD 
(D Ul 
- -C -0 4-) 
tu Q) r--i 
"" r' 
«: x p 
CD :i 
al 
10 > 
CJ 
110 4-J :J 
ý4 
188 
-CC cý 4-1 
Ln C) 
U 
cd 
to 
:j :j 
4. J 41 
41 
. (ýj cý ----%Aý 
:: j 
P 
ý10 
44 
4-4 
" Lr) ý -4 w 0 
Cl) -1 
$4 
bi) Q) 
H 
PH 
--1 4 41 P4 
0 
I,, 
0 4 
-4 
44 
Q) 
. 4-J 
." 
-4 
Z 
cd 
to 
44 
cl. 
ýl cl! 
- 114 11 - 
to 
. 
H (1) 
042 
>I 
41 
., 4 
ý4 
G) 
to 
C) 
-. 
W) el 
U- a) 0) 
to 
-4 p 
4-J 
00 
P :: 
0 $4 
() 
EA 
:5 
P. 
" 
-\C\l 
U's 
r%j 
44 U) u 4J 
CO pp L) P 
Q) 0 0 
- 40- - 1-1 4J 4J 
44 U) V) 
u 
-4 ý4 P ý4 1 
-+ (: ) 4 j 
. 
ý ý>, 4 2 E-: PN z Cý Ln W 4J ý4 I 41 
. Pj Ln: 3: 
-NN 
C) 4.1 0 44 
A/v W U) E0 0 
-4 r. ) 0 44 
:1 4-J w 
P4 ý4 
-: c "'C 
10 
0 r. 
Fq w 
4-J 
u -1 ci C) (" 
C, 4 
P 
(D Ln 
F-I u 
< Ln C) 0 
C) 
d I--- -- -- 
0 
ma -, C- l 14* CD 01 c i $4 -4 -li, - tn 4J (ý 
C) 
0 
;4 Q 
r4 C-4 W 
4j 
M 41 
[ J 
I-A- 
I 
C:: ý 
189 
the test thyristor and Th s 
(2) Unijunction transistor circuits provide pulses with a 
controlled delay for the test thyristor turn-off (by Th 
and fon-7ard blocking voltage re-application (by Th f). 
(3) Controlled timing provides variable test thyristor conduction 
from 50-250ps, and turn-off time range of 0-200jis for a 50ps 
fon, 7ard current pulse. 
(c) Triggered blocking oscillator pulse amplifier (Figure 1-3). 
(1) The circuit gives output pulses of 201As width and up to 
1A amplitude, depending on thyristor gate impedance; the 
risetime is 0.2lis. 
(d) Manually operated reverse recovery charge measuring circuit (Figure 1.4). 
(1) Short leads are used for connections inside the dotted area 
to promote high rates of fall of forward current and to 
minimise the reverse hole-storage voltage spike. 0 
The operating sequence for switching is as follows: 
W S3 is switched to position 1 to charge the 40, uF 
turn-off capacitor. 
(ii) S1 is closed then S2 rapidly closed and opened to 
trigger the test thyristor. 
(iii) S3 is switched to position 2 to turn off the test 
thyristor. 
operations (ii) and (iii) -ire performed in rapid succession 
to limit the thyristor temperature rise-to a minimum. 
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60V 
1 
T 10-n-ý4 
Output(S) 
A to thyristor 
v 600 gate(s) '3 
k. P-, -,, - w 
vvx 
O. IýF 
Soo p 
0-22 loov 
30V 
-a 
T, - Transistor, Ferranti type 2N3262 
T- Transformer, Mullard ferriteE-core type FX1239 
Windings: Primary, Nj 48 tur ns 
Feedback, N2 24 turns 
Output(s) to 
thyristor(s) 113 = 12 turns 
Figure 1.3: Triggered blocking oýcillator pulse amplifier 
for thyristor gate supply. 
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.c 
0- IZ rL 0-20 
Low voltage d. c. 
supply generator 
Test 
Fast 
recoverý 
thyristor diode 
mH 
I-SA '7 
ly 
60 .0 
z5A 2W 
'j 
OV 
0-300V 250V V DA + 
IOV 
D. C. 
5 
Variable 3 
voltage 
a. c. suppIr Fast 
Test recovcry diode 
-dj-acl-e- 
-J 
A 
61; 
SA Iw 0t CMI IVI 
Circuit adaptatiol 
for diode measurej 
ment 
IV 
(+ 
Cm 0.01 5.0ilF, 1% tolerance 
Vin Precision electrostatic voltmeter 0-60V. 
Figure 1.4: Manually operated reverse recovery charge 
measuring circuit. 
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(3) Capacitor Cm must be discharged after each measurement. 
The fast recovery diode removed charge values must be known 
from previous measurements. 
(5) The charge removed from the test thyristor or diode is the 
sum of that from the fast recovery diode and that stored in 
C (= Cx indicated voltage on V mm. 0m 
1.2 CIRCUITS FOR TESTING THE VOLTAGE SHARING NETWORKS AT 5kV 
(a) Power circuit of the 5kV, constant frequency chopper (Figure 1.5). 
(1) The 8.8niH inductance represents that of the supply. 
(2) Test string Th, thyrisior details are given in Table I. I. 
(3) The 66pH inductor limits Th2 di/dt at turn-on and also Th, 
rate of fall of fonqard current to 45A/ps. 
Overcurrent protection is provided by two 1000V fuses in 
scries, because suitable fuses at higher voltage ratings are 
not available. These adequately protect the supply diode 
string and there is insufficient energy stored in the 
couanutating capacitor C to damage ýhe Thl, Th2. or D2 devices. C 
(b) 50Hz chopper timing control arrangement (Figure 1.6). 
(1) The timing control circuit is basically the same as that of 
Figure 1.2 with the first UJT pulse generator (giving the 
output shown to Th r) absent and with minor component 
modifications on the second UJT circuit to provide the required 
timings. 
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looka 1611 
10 oxt O-SiAF looov 16 W LZ 
Ds8 -o, mH 
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IOAjIOOOV 
56S-1 
SA 
0- 
Variable 
.a voltage 
50 liz 
S ly upp 
j 
11 
supply 
transformer 
3: 10kV 
2 IIVA 
(3 seconds) 
100st)16W 11 0- 4/AF 
BkV 100 kpi. 16 W 16W 2 
0-5 F 0-5. r lorov, 1006V D 2 Th2 Thl 
L 
L2 
ý66, 
f&H 
Power semiconductor components: 
Supply diode string Ds- 15 diodes, IR type 12F120, (12A, 120OV, 150 A2s) 
Capacitor recharge 
diode string D2 - 10 diodes as above. 
Turn-off thyristor string 
Th2 -9 thyristors, Westinghouse type 24T8, 
(12A, 80OV, 160 A2s) 
Test thyristor string 
Th, 20 thyristors, GE type C36D (2N1849), 
(16A, 40OV, 40 A2s) 
Figure 1.5: Power circuit for the 5kV, 50 Ez, chopper. 
(Refers also to Figure 3.3) 
I 9/j- 
Hi gh 
voltage 
end 
Forward I 
conduction 
Earthy 
end 
Order 
in 
String 
Thy- 
ristor 
number 
Turn- 
off 
time (*ps) 
Reverse 
Recovery 
charge Q,, (Ilc) 
AQ 
QrQ 
rn r 
T 
p 
(ps) 
1 28 4 6.7 Q 
rl 
20.2 0.44 
2 9 11 22.3 4.6 - 
3 12 9 20.8 6.1 - 
4 19 10 20.7 6.2 - 
5 27 8 20.5 6.4 - 
6 13 8 19.3 7.6 
7 22 8 19.1 7.8 
8 7 6 18.9 8.0 - 
9 2 7 16.9 10.0 - 
10 1 6 15.9 11.0 - 
11 18 7 14.9 12.0 - 
12 14 13.5 13.4 - 
13 25 9 13.3 13.6 - 
14 15 6 10.0 16.9 - 
15 10 6 9.9 17.0 - 
16 16 6 12.5 14.4 - 
17 24 5 91.9. 17.0 - 
18 20 4 9.1 17.8 - 
19 4 8 8.4 18.5 - 
20 8 13 26.9 Q 
rn 
0 3.66 
Measurements made with: forward current = 25A, 
dil 
= 40A/ps, 
Idt 
off 
reversd voltage = 10OV, forward blocking voltage = 10OV, dV/dt = 10OV/ps, 
stud temperature = ambient 200C. 
of section 2.7 
Values Of Tp are measured by the method 
Table I. l: Previously measured turn-off paramters of the tbyristors 
in the test string Thl in the AV, 50Hz chopper (Figure 3.3). 
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(2) The blocking oscillator pulse amplifiers are identical to 
those of Figure 1-3. 
(3) The 240V input is suitably related in phase to the chopper 
supply voltage to give thyristor Thl triggering just prior 
to the supply voltage peak. - 
(4) The time delay between the output pulses for firing Thl and 
Th2 is variable between 250ps and 1.2ms; normally 550ps is 
used. 
The chopper is started by first applying voltage with the 
controller switch S open to pre-charge the commutating 
capacitor Cc through Th2- Chopping commences when S is 
closed. 
(c) Series thyristor firing circuit (Figure I. Q. 
(1) The insulated cable forms a single turn primary for multiple 
pulse transformers T, one for each thyristor. The cable 
passes through the toroidal core of each transformer, the 
-. 20-turn secondary winding of which supplies the thyristor 
gate. Zener diodes restrict the gate voltage to a safe value. 
(2) When thyristor Th (or Th ) is gated, the associated 2pF. tj t2 
capacitor charges with an oscillatory half cycle through the 
6.61,11 cable inductance. The cable current, of approximately 
75A peak, induces virtually simultaneous gate pulses for the 
series thyristors. Thyristor Th tj 
(or Th 
t2 
), being reverse 
biased, then turns off and the 2pF capacitor discharges througll 
the 100P.. resistor ready for the next cycle. 
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(3) The series thyristor gate current amplitudes vary with gate 
impedance; they are typically 2A peak, 10lis pulses with 
a risetime of lps. 
(4) The thyristor timing control circuit is situated remotely 
from the main equipment in the high voltage area, necessitating 
the use of two long gate supply leads of twin-core screened 
cable for Th tj and 
Th 
t2 . 
Additionally, 'Pick-up suppression 
capacitors are used across gate to cathode. 
1.3 CIRCUITS FOR OVERALL COMPARISON OF THE VOLTAGE SHARING NETWORKS 
(a) Power circuit and instrumentation for the 5kV, 50-200011z, d. c. chopper 
(Figure 7.10). 
(1) Tlie instruments shown below the chain dotted line are external 
to the high voltage area. 
(2) The 95jill inductance in series with thyristor string Th2 is 
included to limit di/dt to 40A/ps. 
(3) 
, 
The details of the devices in the thyristor and diode strings 
are given in Table 1.2. 
Figure 1.8 shows two views of the assembled equipment. 
(b) Power supply circuits for the 5kV, 50-200OHz, d. c. chopper (Figure 1.9) 
(1) The variable voltage alternator is rated for short-circuit 
testing at 3MVA for 3 seconds. It is driven by a 55h. p. induction 
motor with a flywheel and this limits continuous loading to 
approximately 40kW. Up to 60kW can be safely taken for 2-3 
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String Manufacturer Range of Range of 
devices and Ratings measured measured 
type T 
off (11s) 
Qr (11C) 
Th, Westinghouse 35A, 900V 
thyristors 34TB9 T 
off ;ý 
20lis 5.5-- 8.0 40 - 48 
(15) GIIKO dV/dt = 10OV/ps 
j2t = 1470A2S s 
Th2 
thyristors ditto ditto ditto 32 - 40 
(15) 
D2 TAG 
diodes MP 100 40A , 1000V 23 41 
(15) 
Df IR 25Aj 1000V 
diodes 25G100 j2t 320OA2G 54 105 s 
(29) 
Measurements made with: forward current = 20A, 
IdI 
40A/ps, dt 
off 
reverse . voltage = 20OV, temperature (stud) = 200C. 
For thyristor turn-off time: reverse voltage = IOOVs forward blocking 
voltage = 10OV. 
Table 1.2: Power semiconductor details for the 5kV, 50-200OHz d. c. 
chopper, (Figures 7.1 a nd 7.10) 
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III 
2.2m 
(b) 
Figure J. 8: Two views of the assembled 5kV, 50-2000 llz, d. c. 
chopper. 
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Variable 
voltage 
alternator 
(a) 
-------- I-Ck 
Air-blast circuit 
breaker 
soo. m 
44-0 0w 
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35kV 
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To rectifier 
bridge 
-L 9: 
FA I 
From 
supp 
tran 
Diode strings - 25 diodes, IR type 25GIOO (25A, 100OV, 3200 A2s) 
Figure 1.9: Power supply arrangement for the 5kV, variable 
frequency, d. c. chopper. 
(a) A. C. Supply 
. 
(b) Rectifier and filter. 
(b) 
-0 
Make 
Switch 
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minutes for chopper testing. 
(2) The 0.25pF capacitor and 500 ohm resistor are connected across 
the transformer output for switching surge suppression. 
(3) All fuses and all R-C voltage sharing components in the 
rectifier bridge have the ratings quoted. 
(4) The 120kQ resistor across the 167pF filter capacitor serves 
as a discharge resistor. 
(5) Figure I. 10 shows the assembled rectifier and filter. 
(c) Controller for the 5kV, 50-2000liz, d. c. chopper (Figure 1.11). 
(1) Switch S is included to allow chopper starting, as with LIj(, 
constant frequency chopper controller (Figure 1.6). 
Each triggered blocking oscillator pulse amplifier is 
identical to that of Figure 1.3 apart'from modification of 
the transformer turns to Nj = 24, N2 = 12, N3 = 12, to allow 
use of a 30V supply for reduction of transistor dissipation 
in view of the 200OHz maximum frequency. 
(3) 'Screened output leads are used to the series thyristor firing 
circuit (Figure 1.7). 
(4) The controllýr gives separate pulse outputs for Thl and T112 
firing, of variable separation 24-424ps at 220011z. 
(d) Variable frequency triangular waveform generator (Figure 1.12). 
(1) The triangular output voltage waveform is produced by the 
integrator OA. The IMQ potentiometer controls the rate of 
charging of the 0.011liF capacitor and therefore the outplit 
203 
Diode bridge 
Supply 
transformer 
Figure I. 10: Assembled 5kV d. c. supply rectifier and filter. 
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frequency. 
(2) The ramp rising or falling output voltage is fed back to 
comparators OA each of which gives, in turn, a signal to the 
SN7400 NAND gates when the output reaches a set ±2.85V. 
(3) A signal from either comparator reverses the state of the 
cross-coupled NAND gates which operate as a bistable. This 
switches off one ZTX502 transistor and switche% on the other, 
thus reversing the polarity of the integrator input voltage, 
reversing the output voltage slope and establishing the peak 
value. 
(e) Voltage comparator circuit (Figure 1.13). 
I 
(1) The triangular input voltage is compared with a set voltage 
controlled by the lOkQ potentiometer, giving a positive 
output voltage so long as the input is more negative than the 
set value. 
Pulse generator (Fi gure 1.14). 
(1) The first double NAND gate serves as a buffer and inverter. 
(2) Each SN7400 quadruple NAND unit operates as follows. The 
initially uncharged 0.047pF capacitor charges through the 
4702 resistor when '1' input is applied to terminal 1; 
terminal 8 is maintained at '1' by the '0' on terminal 10, 
giving '0' at output terminal 11. When terminal I reverts 
to the '0' state, terminal 10 reverts t6 'V and terminal 8 
output switches to '0' giving an output pulse '11 at terminal 
207 
+SV 
4.25kn tSkft 
2 Input 71 Ov onkl- o 
Iola 
I PF 
-7 lk. 4 .7k OA +v 6 Output 
3 'Ile 
'1 
4- 
4-7V 3 75mA 
000 2000 
4-2akrie 
-5v 
OA - Operational amplifier, Texas type SN041P 
Figure 1.13: Voltage comparator circuit 
+5V SN7400___________ +SV SiN 74-00 F 0-1 141 
I 
0201 Outpu t 
Inpu 1-1 1 [Do, =, ý Le ,. I 
ý, 
1 11 134 
136 470 A 
0 7 0-04-7/AF 
7o 
---------z 
+5V 
141 
Identical unit to that above I 
but operating on the input I 
voltage rise. 
Output 
SO. 74-00 Li 0 
Figure 1.14: Pulse generator circuit. 
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11 until the discharging 0.047pF capacitor potential (terminal 
9) has fallen to '0' state. The feedback from 12 to 2 
provides a constant output pulse width irrespective of any 
input judder. 
For the complete pulsc generator, the upper quadruple unit 
gives a pulse on the fall of the input, and the lower unit 
on the input rise. 
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APPENDIX II 
ANALYSIS OF THE CHOPPER CIRCUITS 
II. 1 INTRODUCTION 
The idealised current and voltage waveforms for the two variations 
of the chopper circuit are given. in Figures II. 1 and 11.2, and corres- 
pond with the appropriate oscillograms of Figures 3.4 and 7.3 
respectively. The chopper circuits are repeated for convenience in 
their simplest form in Figure 11.3. The two modes of operation, 
with and without voltage boost, will be analysed separately and any 
effects of subsidiary components, such as voltage sharing networks, 
will only be considered where they appreciably affect chopper performance. 
11.2 CHOPPER OPERATING WITH VOLTAGE BOOST 
11.2.1 Analysis 
It is assumed that the supply voltage is. constant at VdP this 
being equal to the peak of the a. c. supply voltage (Figure 3.3). 
(a) Th2 is first gated to charge Cc- 
Neglecting any oscillatory overshoot, Cc charges to a 
voltage V 
(b) Thl gated. 
Two current components flow through Thl: 
(i) A current, supplied by the source, which rises exponentially 
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Thl 
Currents 
0 
1 ine 
VF 
Voltages 
0 
Currents 
VR 
t 
Th, on Th2 on 
Figure IIJ: Idealised current and voltage waveforms 
for the chopper operating with voltage boost. 
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Th2 fj min 
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f .. I; \ 
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c Th2 0 
t 
MI M2 M------- 
T 
Figure 11.2: Idealised current and voltage waveforms for 
the chopper operating without voltage boost. 
211 
+ 
11 
z 
Thl 
Figure 11.3: Chopper circuit. 
(a) With voltage boost, D connected, D absent sI 
(b) Without DfD it 
I 
Lj, 
91 
Vd 
s 
Figure 11.4: Laplace operational circuit for thyristor 
Thl commutation. 
vR sc 
s 
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from zero and is therefore given by 
vd 
e-Rp Rt 
/LZ) 
if t 
Ml 
is the duration of Thl conduction, when t=t 
ml 
i=I the. chopped current. value. f 
(ii) The commutating capacitor Cc charge reversal oscillation with 
current flow through L2, D2 and Thl. This is a series 
oscillatory circuit with an initial voltage VF across Cc 
(For the first cycle, before voltage boost is effective, 
VFVd If R2, is the effective resistance of inductor L2, 
neglecting any other small resistance, the instantaneous 
oscillation current is given by 
Fe -b t sin wt, 7L 
2 
RW 
where b= 
2 2Q2 
and w2 b2 + Q2 'T2cc T2Cc( 4 2) 
Q2 is the coil Q-factor,. wL2/R2- 
The peak oscillatory current is given when wt = ir/2. 
VF 
-Tr/4Q2. Hence, peak oscillation current -e wL2 
Cc must charge the thyristor and diode shunt voltage 
sharing capacitors at appropriate points in the cycle (section 
3.6.3). The first such instance applies when Thl turns on 
and the capacitors across Th2 'are charged. Then, more 
accurately, 
21.3 
peak oscillation current 
vF 
e-iT/4Q2 
cc 
(11.2) 
CcC 
t2. 
/n 
t2, 
The final capacitor voltage VR available to conunutate Th, is given ' 
by -1 
[i 
dt for the oscillation current, with wt = iT. Equation (7.3) C 
makes full allowance for all the possible voltage drops with a 
free-wheeling diode Df present. Adapting this equation to'the 
boosted voltage situation and allowing for the presence of 
capacitors C gives 
e- 7T/2Q2 
cccccc 
F ýc 
c+c t2 
/I ýt2] cc+c d2 
/n 
d2) LC c+C tj 
/n 
til 
(c) Th2 gated to turn off Thl. 
From the. Laplace operational circuit for Thl conmiutation 
(Figure 11.4), the current 1 is given by 
(V +V) /Lt + SIf dR 
ý2 + 
RZ 
+ LzLzcC. 
Letting b 'ý and w2b2, then 
R 
2L c 
c 
vd+vR 
2+ L (5 +b -+w 11f+ bl)' 
T-W-21 
Manipulating this and taking the inverse transform gives the 
result 
214 
-b t 
F, 
Vd + VR b 
lIfLt 
e sin(wit + f -L Wil 
where 
tan vvb dR 
w ii fL wl 
The forward voltage across CC and across Thl is given by 
fi 
dt 
cc c 
vdvRb, 1 
-bl t =Z1+e sin(wlt + 0) 
c 
(w, 
IfLt wl 
f 
IV 
d+VR bll 
2e -b, t 
c 
CT 
+ 
Wlj. Wl Fw 
12 
-+b 
cos(wlt+O-y)+A, 
-I 
bl 
where A is the constant of integration and y= tan -. 
When t. = 0, v cc 
V R' giving A. 
The complete expression for v cc 
then becomes 
vV+ILk+ 
IV 
d '+ VR b, 
2 
(0 Rf-cc 
ýFco 
Ej- + FW 11 -fL Y, 
I 
e -b COS(Wit + Yl) 
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Line diode DS blocks reverse current flow so that, from equation 
charging of Cc ceases when wit +6= -ff. 
The final forward voltage VF across Thl is then given by 
+ 
Jv 
d+vR_b, 
2x 
VF VR 
wILw f 
FCIC 
fZ 
(b 1 /w 1) (Tr- 
Cos y) e COS 
(7T 
I 
Yý 
Also of particular importance is the 
given by putting v cc ý0 
in. equation 
Lk maintains the load current fairly 
interval, and therefore the dV/dt of 
similarly constant, this reverse bia 
(from i= CdV/dt) by 
cV c 
rev I 
Th, reverse bias time which is 
(11.5) and solving for t. Since 
constant at value If during this. 
the capaci tor voltage rise is 
s time is approximately given 
(II. 7) 
Equation (11.6) shows that forward voltage. V F increases as current 
If increases and . therefore as load resistance Rk is reduced. 
11.2.2 Experimental verification 
Listing the relevant data from Figure 1.5, and using values 
measured from the oscillogram of Figure 3.4: 
Cc 0.4VF) L2 = 16.. 8mH, Q2 = 6.3, LZ = 8.8inH, R. = 5611. 
The thyristor and diode voltage sharing capacitors are: 
For Thl, nt 20, Ct. 
1 
= O. lpF. 
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For Th2, n t2 
9, c 
t2 
0.5pF. 
For D2, n d2 10P c d2 
0.5pF. 
vdý 1485V, t 
Ml -- 
560ps. 
Table II. 1 gives the measured and calculated results. 
11.3 CHOPPER OPERATING WITHOUT VOLTAGE BOOST 
11.3.1 Analysis 
If the . load current flow is discontinuous, the analysis is initially 
identical to that in the previous section except that V* should be d 
substituted for V F1 since Df now 
limits. capacitor Cc voltage to this 
value. This happens when v of equation (11.5) reaches the value V cc d' 
at which time Df takes over load current conduction from Th2. The 
current then decays exponentially to zero with time constant LZ /R Z' 
The interval t 
M2 
for which Th2 conducts can therefore be obtained from 
[C ---ý 1 2ý 
fL c 
1+( co 
LV +V bj Z, d+VR ý cl VV+I+s (0 dRf cqý wjI fLZ W1 
'i 
c 
e -blt M2 cos(wlt 7 'Y]) M2 
The value of the current (I ) transferred from Th2 to D is given t2 f 
by putting tt M2 
in equation (II. Q. Peak load (and thyristor Th2) 
current (I is given, by equation (11.4), when t (. 1 - 0)/Wl. max 2 
If the chopping mark-period ratio and frequency are such that the 
load conduction is continuous, the minimum value'(I ) to which the min 
current decays during the off period p beford Thl is next gated is given 
by 
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inm =I t2 e 
-R k p/L kI. 
Thl then takes over this current so that equation (II-1) must be 
replaced by 
vd 
-RZtml/L . -Rgtml/L --1-etIZ f 7( 
Z] 
min 
This equation is a suitably adapted statement of equation (V. 4) 
derived in Appendix V. 
Equations (11.6) and (11.7) are applicable for the calculation of 
Thl reverse bias time. By similarly assuming load current constant 
at If during t, an appr oximate expression for t is obtained, that M2 M2 
is$ 
(V +V )C. d ýR 
M2 If 
JI. 3.2 Experimental verification 
The required circuit component values are given in Figure 7.10 
. -and the voltage sharing capacitor values in Table 7.1. Using the 
operating conditions relating to the. oscillograms o'f Figure 7.3, the 
settings are 
f= 2015Hz, T 496ps., tm, 22011s, M 410ps, p 90ps, k 0.827, 
V= 490OV. d 
Table 11.2 gives the measured and calculated results. 
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APPENDIX III 
DESIGN EXAMPLES FOR THE VOLTAGE SHARING NET14ORKS 
III. 1 SERIES SATURATING P. EACTOR WITH SHUNT. R-C COMPONENTS (Figure 3.6(a)) 
The saturating reactor must hold off reverse voltage from the 
thyristors for a period of 3 to 4xTp for the slowest turn-off 
thyristor. The data relating to this example is given in Figures 
4.3 and 4.4, and in Table 4.1, row (a). Hence SR must withstand 
reversd voltage for 4x3.66 = 15ps.. 
Using the peak reverse line voltage V RO ý-- 2700,, and gradient 
a= 60V/ýs for the idealised waveforms of Figure 4.2(b), 
15 
required volt-second rating 2 
[2700 
+ (2700 - 60 x l5j) x 10 
33.7 x 10 -3 Vs. 
Choosing a Telcon Metals HCR core of 0.0005" tape, size 9b, 
35 
the relevant data is: 
flux density change required = -2.5 tesla, 
to saturate core (Figure 4.3) 
net iron cross section 
Therefore, 
required number of turns N 
= 0.91 x 10- 
4 
M2 . 
33.7 x 10- 
3 
0.91 x 2.5 x 10-4 
= 130 say. 
The anticipated voltage sharing performance must now be checked 
as in sect ion 4.5. The figures quoted there relate to this example, 
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and a maximum thyristor voltage difference of 16V results. 
Reverse voltage VR when SR saturates = 2700 - 60 x 15 
= 180OV. 
Average thyristor voltage 
VR 1800 
n 20 
= 9ov. 
I 
Extreme thyristor reverse voltages = 90 ± 8V 
= 82V and 98V. 
The maximum forward line voltage VF is 510OV. 
Therefore, using equation (3.9), 
maximum thyristor forward voltage = -L(1800 + 5100) - 82 20 
= 263V. 
111.2 SHUNT TRANSFORMER(S) AND R-C COMPONENTS 
111.2.1 Multi-winding transformer*with secondary capacitor and diode control 
The circuit and component detaiýs are given in Figure 5.1(a) 
and Table 5.1, row (a) respectively. The oscillog ram of Figure 
5.3(b) gives 
50 
supply voltage reverse volt-second integral x 3000 x Job 2 
-3 75 x 10 W. 
For transformer core Mullard Ferroxcube toroid FX1076, saturation 
and retentivity flux densities are 
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-4 Bs=0.38T and Brý0.15T; area = 2.38 x 10 M2. 
-3 
Total required pri. turns, n N, 
75 x 10 
2.38 x 10-4(0.38 - 0.15) 
= 1375'. 
Allow 1600 turns so that for 20 thyristors, 20 primary sections 
are required with 80 turns each. Volts/turn < 2. 
3000 
- Peak applied voltage/pri. section 20 
= 150V. 
Neglecting linear fall of reverse voltage and damping, 
N 
peak voltage across C2ý 2, x 150 x 
Assume therefore Nj/N2 = 1, with 80 secondary turns, gi-ving a peýk 
voltage across C2 and D2 Of less than 30OV. 
From equation (5.4), the minimum possible value of C2, 
using the appropriate thyristor Qr values (Table I. 1), is 
C2 20 
(20 
- 1)f26.9 - 6.7 
2 3000 
1.3jiF 
Adopt 2pF for C2, Prediction of total transformer leakage inductance 
L 
t2 
is diffict; lt. The measured value of 11.8pH gives, using equation 
/11.8 x2 T C2 1012 
15.3jis. 
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The reverse recovery time of the slowest thyristor is 4s, so 
this value of T C2 
is satisfactory. 
Allowing for the linearly falling negative voltage by using 
equations IV. 1 and IV. 2 of Appendix IV gives a capacitor current 
I 
2pk of 
56.1A, which compares well with Figure 5.3(g). 
For 50Hz operating frequency, C2 must be virtually discharged 
in < 20ms. R= 2kil is- suitable, with power rating 
12 
-C x-3002 x 50), giving 4.5W, say 5W. C2V2f x 10 
Diode, Texas type 1S425 (10A, 60OV, 50A repetitive peak current) 
is satisfactory for D2. 
The current rating of diodes D must be based on the charge flow 
through that across the fastest recovery thyristor which carries 
charge AQ , plus additional charge reflected from the secondary rmax 
during the current oscillation, at each commutation. The voltage 
rating of D should at least equal that of the thyristor in parallel. 
111.2.2 Multiple transformers with secondary cap 
. acitor and diode control 
The network and component details are given in Figure 5.1(b) 
and Table 5.1, row (d) . The procedure is identical to that with the 
multi-winding transformer except in the choice of cores and volt- 
second withstand. 
Required volt-second per 75 - transformer -x 10 20 
= 3.75 x 10 -3 Vs. 
For Mullard core FX 1239, E- core ferrite, BS = 0.38T, Br ý- 0.15T, 
area = 0.771 x 10- 
4 
m2 
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required primary turns = 
3.75 x 10- 3 
per transformer (0.38 - 0.15) x 0.771 
=2 10. 
Assumed secondary turns = 210. 
Measured leakage inductance 350pH. 
per transformer (average) 
Leakage inductance of 20in parallel = 17.5pH. (referred to the secondary side) 
Again, using 2pF for C2 gives calculated T C2 ý 18.6pp 
(17ps measured), 
I 50.7A (48. OA measured). 2pk 
111.3 SHUNT VOLTAGE REGULATING DIODES (Figure 3.6(d)) 
111.3.1 Steady-state forward voltage sharing duty 
Consider the voltage sharing component's quoted in row (b) of 
Table 6.1, where VV 300V (total), and to which the oscillo- zr Zf 
grams. of Figure 6.3 relate. 
Manufacturer's quoted thyristor * 
half-cycle leakage current 
= 4. OmA. 
Peak leakage current 
Tr 
ix4.0 
= 6.3mA. 
Estimated thyristor leakage voltage rating 
resistance Rth ' 6A x 10 
t= jI 
400 kQ 
= 63.5kQ. 
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Regulating diodes considered for Zf (and Zr) are two in series, Texas 
types IS3200A (200V ± 5%, 1W, Rz = 1400Q at 2mA) and 1S3100A (100V 5%, 
IW, Rz= 600P at 2mA). 
Using equation (6.5), for the 200V regulating diode, 
power dissipation =. 
(5000 - 200 
3 
)2 
1400 + 
(5000 - 200 200 J19 x 63.5 >ý 10 ý19 x 63.5 x 103 
) 
= 0.8ow. 
At 50Hz, (x,, avef. orm Figure 3.4. (b)), this is effective for (20,1000 - 
550 - 133)lis forward blocking time of total period 20, OOOp6. 
mean dissipation = 0.80 x 
19320 
2POOO 
= 0.77W. 
: EII. 3.2 Transient forward voltage sharing duty 
A parallelepproximation to the physical arrangement yields 
C=1.87pF (Figure 6.1) at the high voltage end of the string. 
.99 
is assumed to be constant at this value. The nunber of regulating 
diodes Zf which operate is 5000/300 = 16 (= n in equation 6.6). For 
zf (V 
Zf = 
30OV, f= 50-. Hz), 
mean power . dissipation = 1.15 x 3002 y 
1.87 15 
x 16 xx 50 10 
=' 1.16mW. 
For the 200V regulating diode, (Figure III. l(b)), the mean power 
2 dissipation is 7ý x 1.16 = 0.78mW. 
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250 
44 
CL 
200 
Anode A posi tive 
Cd 
negative 
Cd 
m 150 
co 
ci 
Figure III. I: Measured device capacitance variation with 
applied voltage 
(a) Thyristor, GE type C36D, No. 8 in Table I. 1 
(b) Series back-to-back regulating diodes (section 
111.3.1) 
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Using the measured device capacitances (Figure III. 1), the 
capacitance Cd of the thyristor and regulating diodes in parallel at 
a high blocking voltage is 60pF (= l7pF + 43pF). Hence C /C 1.87/60 gd 
0.03. For this ratio, Figure 6.2 gives, for n= 16, 
maximum thyristor dV/dt 0.165 c /C 
total applied dV/dt Xd 
Hence, capacitance C 0.165 x 60 = 1OPF 
x 
The capacitance from point Y to earth (Figure 6.4(b)) differs little 
from Cx. -Therefore the regulating 
diode current I 
zf' with a 
total 
applied dV/dt = 60V/ps, is 
Ic 
dV 10 
zf x jt 
x 60 x 106 = 6001jA. 
The dynamic resistance can be neglected-at this low current, there- 
fore using equation (6.7), 
200 x 600 
peak power dissipation 0.12W. 
Using dV/dt figures across this thyristor and across the complete 
string gives a duration of 73ps for this pulse width. 
111.3.3 Forward voltage sharing duty at thyristor turn-on 
For the 50Hz test chopper, (Figure 1.5), VFý 500OV, the 
effective L= L2 16.8mH). Typical quoted thyristor turn-on time 
for Thl is 2.5ps. Assume one slow turn-on thyrist or has a delay 
At 
on of 
1.5ps. 
Equation (6.8) gives 
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I= 
(5000 - 1.15 x 300) x 1.5 x 10- 
zfpk 16.8 x 10-J 
= 0.42A. 
For the nominal 200V regulating diode, 
peak pulse power = 1.15'x 200 x 0.42 
= 96W. 
ApPlying equation (6.10) for f= 50Hz, 
mean power dissipation = 0.58 x 200 x 0.42 x 
1, 
-5x 50, IOF 
= 3.664. 
111.3.4 Reverse voltage sharing duty at thyristor turn-off 
Applying the method of section 6.5.5 for a nominal reverse 
voltage VRý 300OV, the anticipated number of reverse regulating 
diodes to operate x= 3000/300 = 10 (10 measured). From Table I. 1 
AQ 
rx-1 ý 
(14.8 - 7.3) = 7.5jiC. 
Applying equation (6.11) for f 50Hz, L= 66pH, I= 20Aj 
rpx 
total mean turn-off 1.15 x 200 x 
7.5 
+ .1x 
66 
x 
202 50 dissipation in Zr 106'. 2 106 fo 
) 
= 152mW. 
Equation. (6.12) gives, allowing 4, Qs for reverse recovery time difference 
At and a sinusoidal pulse, rx-1 
IT 7.5 
+ 
66 2 
peak pulse power x 106 
(1.15 
x 200 x 
xt 106' 2 ý4 -i-O 6x-? jO-O 
= 1200W. 
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111.3.5 Total regulating diode dissipation and temperature rise 
(a) Forward voltage regulating diode Z 
For 50Hz operation, the total mean dissipation is the sum 
of that calculated in sections 111.3.1,111.3.2, and 111.3.3. 
Total mean-dissipation = 0.77 + 0.00078 + 0.0036 
= 0.774W. 
On this basis,. the 1W diode chosen is satisfactory. 
Figure 111.2 shows the duty cycle and from this, the 
equivalent single rectangular pulse width tP can be calculated. 
96t 
p=0.12 
x 73 +, 0.8 x 19,317 + 96 x 0.75 
p= 
162ps. 
Since t << T, using equation (6.4) with T 24000ps, - 
p 
and (from the manufacturer's data) 0 125- 
0 C/W, 0 (t 
P) 
= 0.5 0 C/W, 
gives 
162 
125 X-ý-oooo + 0.5 000 
= 1.51 0C we 
Equation (6.2) gives 
TTA= 96 x 1.51 
= 145 
0 C. 
This exceeds the allowable 125 
0C rise. Owing to the almost 
continuous 0.8W duty, this equivalent pulse approach gives a 
very high result. Since the 96W pulse is very short, it can 
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9614 
0 . ri 41 
110 
0 p4 
0. 
0. 
'73 
Figure 111.2: Duty cycle of the 200V forward voltage regulating 
diode Zf across a thyristor in string Th, under 
worst conditions. 
(Section 111.3.5). ' 
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be assumed that the temperature drops to equilibrium between 
these pulses. Superposition then gives 
0.8 x6+ 96 x62 A (tp) 
where the actual pulse width tp is 1.5ps. 
Now for 100ps pulse width, quoted 0 0.278 0 CAL (t 
p) 
Using the approach described insection 6.5.1, 
1; 
5 j_ 
0 1ý7 0.278 0 (t 
p). 
C 
0.0340C/W. 
Then . 
Ti-TAý'0.8 x 125 + 96 x 0.034 
= 103 0 C. 
This is satisfactory. 
Reverse voltage regulating diode, Z r 
Section'III-3.4 gives the mean dissipation as 0.152W with 
a sinusoidal pulse power peak of 1200W. The equivalent rectangular 
pulse duration is 2x 4/7T = 2.54ps. 
,. 
/i. 5-4 
6=0.2ýuý/ -- 100 
= 0.044 
0 C/W. 
Equation (6.4) gives 
6, = 125 xý2.54 + 0.044 0,000 
= 0.06 0 C/W. 
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Equation (6.2) gives 
Ti-TA 1200 x 0.06 
72 0 C. 
This is satisfactory. 
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APPENDIX IV 
ANALYSIS OF THE SHUNT TRANSFORMER VOLTAGE SHARING NETWORK 
IV. 1 WITH THE CONSTANT REVERSE VOLTAGE WAVEFORM (Figure 3.2(a)) 
Considering the simplified equivalent circuit of Figure 6.2, and 
neglecting thyristor reverse recovery effects, the Laplace operational 
equation, with C2 initially uncharged, is 
IL+R+ 
nN5[ t2, t2 T2T 
giving 
VRN2 
n NiL tj 
S2 +R 
t2 
+1 
LL C2 
t2 t2 
The inverse transform gives 
vRN21e 
-at sin wt, iT -N, TLt2 
w, here a t4 and W2 a2 2L 
t2 
L 
t2 
C2 
If I RT is neglected, the peak of the current half cycle is 
C2 vRN2 C2 
2pk iT N, 
Ft2 
and the duration of the current half-cycle is given when wt = iT. 
rLý C2 C; 2 t2 
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IV. 2 WITH THE LINEARLY CHANGING VOLTAGE WAVEFORM (Figure 3.2(b)) 
This analysis refers to the practical chopper waveform used 
(Figure 5.3(b)). Let the instantaneous reverse voltage, 'referred to 
the secondary side, be given by 
at) nN 
Then in Laplace form, 
N2(. v 
R 
+R+ 
t2S t2 -j, - 
)= 
-ý-N 
1S 
-S2 
NV 2RwS+ 2a 
n N, Z_L -(S-+a)72-+w-Z 
CIC2 S-+ a-)- Z -+w 2 
t2S 
The inverse transform gives 
N2 VR 
at 
c2 
-at 
iL e- sin wt aC2 + 2F e sin(wt+e) n Ni t2 wL t2 
where 0= tan -1 w/a. 
Simplifying this by assuming RT =0 gives 
N2 C2 
t2 n 
li 
V 
RIJI T- sin wt -- aC2(l - COS WO 
t2 
Now maximum current occurs when di/dt 0, that is when 
C2 
v RjTt2 COS Wt aC2 sin wt, 
C2 
t2 
wt tan 
R 
a 
7L 
t 2. 
C21 
1) 
(IV. 2) 
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APPENDIX V 
BASIC D. C. CHOPPER THEORY 
V. 1 MEAN D. C. OUTPUT VOLTAGE 
The simple idealised step-down chopper is shown with the appropriate 
waveforms in Figure V. 1. Switch S operates rapidly to-successively 
connect and disconnect the d. c. supply with the load. The switch 
is closed for a mark peri. od m, when supply voltage Vd is applied to 
the load and current is supplied from the d. c. source; - it is open 
for a space period p,. when the load inductance Licirculates the 
d ecaying load cu 
I 
rrent through the'freewheeling diode Df* The waveforms 
of Figure V. l(b) and (c) apply for the case of continuous load current 
conduction (i. e. min 
0). The mean d. c. output voltage is given by 
V Vd 
+ np) 
Vr (V. 1) d 
where r. 'is the mark/space ratio, m/p. 
It is frequently convenient to express the mean d. c. output voltage 
in the alternative form 
m Vy. Vd )(= k Vd) 
Vt f Vd (V. 2) 
where T= (m + p) = 1/f. Hence, if the mark duration is maintained 
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+1 
0 
Vd 
0 
0 
,Ik 
91 
Load 
Mean load 
max 
current 
min 
Supply Diode Df 
current current 
(c) 
Figure V. l: Basic chopper operation. 
(a) Basic circuit. 
(b) Output voltage waveform. 
(c) Load 'current waveform. 
s 
11,00, 
(a) 
Mean output voltage V,, 
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constant and the space varied by change of frequency, the mean output 
voltage. increases proportionally with frequency. The converse method 
of control, produced by keeping the space constant and controlling the 
frequency to vary the mark, provides a linearly falling output voltage 
with frequency increase. This-characteristic is given by substituting 
the equivalent (1/f - p) for mark m in equation (V. 2), thýn 
Vz = Vd(l - Pf) 
Practical chopper circuits usually have definite minimum allowable 
mark and space durations (section 7.1). These provide the chopper 
operating limits, as can be seen fr6m Figure V. 2 which shows the 
characteristics of equations (V. 2) and (V. 3) drawn with assumed fixed 
minimum allowable mark at low output voltage'and fixed allowable 
space at high output voltages. Neglecting other considerations, the 
intersection of these characteristics gives the maximum possible 
operating frequency at a single, specific value of output voltage. 
Any operating point, say P, must lie within the envelope shown, and 
it'is evident that as chopping frequency is incr eased, the available 
range of output voltage becomes more restricted. Instead of using 
the mean output voltage as base, the per unit output voltage 
(mark/period ratio, k) may be used. 
By equating the mean a. c. chopper input power with that supplied 
to the load for the idealised conditions of zero internal chopper 
loss and perfectly smooth supply voltage Vd and load curre nt Iz, it 
can be shown that the current is stepped'up in the same ratio as the 
34 
voltage is stepped down . This is made possible by the action of M 
(V. 3) 
freewheeling diode Dfp and results in the d. c. chopper exhibiting 
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44 
44 
ca. 
0. 
Figure V. 2: Variation of the basic chopper mean d. c. output 
voltage with frequency; mark or space duration 
maintained constant. 
0 Mean d. c. output volta'ge Vý 
Vd 
0 0.5 1.0 
Mark/period ratio k (per unit output voltage) 
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the same basic input-output characteristics as the a. c. transformer. 
V. 2 LOAD CURRENT RIPPLE 
V. 2.1 Maximum and minimum current ripple values 
Currents I 
max and 
I 
min 
(Figure V. I(c)) are determined'as follows. 
With the switch S in Figure V. l(a) closed, the load current rises. 
Then 
di LZ T+i RZ t Vd 
In Laplace operational form, this becomes 
LLkI 
min 
+i RZ l7d 
v 
d min 
I LZ +R /L R /L 
v (. 1 1 'min 
s+Rk /L 
The inverse transform gives 
V d(l 
_ e-Rkt/Lk) -RZL-/L +e R min 
When t m, I and letting the ratio L /R TP9 
max 
V 
d(l m/Tp /TZ I 
max =R 
e- +I 
min e-m 
(V. 4) 
With switch S open, the falling load current flowing through diode Df 
is given by 
L 
di 
.zj 
-t +iRz=0. 
In Laplace operational form 
2140 
Lk si -LkI max 
+ iRt op 
max 
T /L 
The inverse transform gives 
- t/TR e 
max -I 
I 
When t=p, i=I 
min . 
Therefore 
/Tp 
min =I max 
e-P (V. 5) 
Equating I as given by equation (v. 5) with that from equation (V-4), 
max 
.e 
p/TZ =I. e-m/T2, + 
Vd(l 
e-m/Tp, 
min min R Y, 
which gives m/T Vd (e 
min -R (e T/TZ 
(V. 6) 
substituting this expression for I back in equation (V. 5) gives min 
Vd (e T/Tk e p/Tp, ) 
(V. 7) 
max R (e T/Tp, 1) 
V. 2.2 Mean load current 
The energy supplied to inductor L as current rises is returned 
during the current fall, giving zero net energy input to L during a 
complete ripple. it follows that the net volt-second integral and the 
mean voltage across L are zero. The mean load current IZ is therefore 
given by 
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V 
91 
/Rk 
Ii=Vd mf /R z 
it is complicated to define the mean current level in terms of 
I 
max and 
I 
min 
for the exponential current changes-analysed in the 
previous section. Only when k=0.5 will the mean current be the 
arithmetic average of I max and 
I 
min . 
However, if the approximation 
of linear current changes is made, which is not unreasonable for 
load time constants T P, which are 
long relative to the mark and space, 
then the mean current will be the average of I max 
and I 
min' 
that is 
('max 
+I 
min) 
(V - 9) 
V. 2.3 Maximum peak-peak ripple current 
The peak-peak ripple current AI z 
(= I 
max -I min 
) is, using 
equations (V. 6) and (V. 7), given by 
vde T/Tk 
_e 
T-m)/TZ 
_e 
m/TX + (V. 10) Rke T/TZ 
_1 
where (T - m) = p. Let the operating frequency and therefore T be 
constant, with m the independent'variable. Peak--peak ripple is a 
maximum or minimum when d(AI k 
)/dm = 0. From this, maximum peak--peak 
ripple occurs when (T - m) m, that is, at unity mark/space. ratio, 
k=0.5. Substituting this condition back into equation (V. 10) gives 
the maximum peak-peak ripple current. 
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V. 3 VARIABLE OPERATING FREQUENCY CHARACTERISTICS 
V. 3.1 Control to give minimum load current ripple 
Variable frequency operation can usefully be used to limit load 
current ripple throughout the'required range of-mark/period ratio k 
demanded by the output voltage variation. 
For a given value of k, and load time constant T., minimum ripple 
occurs when the frequency is at its highest possible value. For this 
condition, operation must be always at the const-ant allowable 
minimum mark or spa. ce, as appropriate for the required output voltage 
(Figure V. 2). Owing to the losses at commutation, the imposition of 
a lower maximum frequency than that shown may be necessary in practice. 
V. 3.2 Control. to give constant load current ripple 
The required variation of frequency with ratio k to produce constant 
peak-peak ripple current AI z can 
be obtained using equation (V. 10). 
This can be re-stated in terms of frequency f and ratio k as 
ve 
1/Tkf 
-e 
(1-k) TZf 
e 
k/Tkf' 
+f 
Ai d (V. 11) 9, Re 1/TZf 
If, for a fixed chosen frequency f, the variation of peak-peak. ripple 
AI is plotted against k, the resulting characteristic has a shape 
resembling a parabola with, as has be. en shown, maximum ripple at k =0.5 
(Figure 7.14). A similar form of characteristic results if the required 
variati on of frequency with k is plotted to maintain constant peak- 
peak ripple AI,,, maximum frequency being necessary when k=0.5. 
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APPENDIX VI 
ESTIMATION-OF THE VARIABLE FREQUENCY CHOPPER LOSSES 
VI. 1 MAIN CHOPPER COMPONENT LOSSES- 
. 
VI. I. 1 Thyristor and diode foniard conduction losses 
Constant forward voltage drops of 1.5V per thyristor and I. OV 
per diode are assumed. Times t mi 
t 
m2 , m, p, and 
T are in micro- 
seconds. 
(a) Thyristor string Thl, (Figure VI. I(a)) 
The mean forward current isý given by. 
173 t 
loý 06 24 sin(18.2xlo3t)dt +f 
Ml 
.V 
-Rkt/Lt] e-Rpt/Lkld]t e T 
[f 
ýRp 
min 
0 
Substituting the circuit values given in Figure 7.10 and Table 
7.1, 
mean Tlý current -IF2645 + 15.6t 792(15.6-1 )(1-e- 
tmj/792ý 
T Ml min 
Th 
. 
en, Thl conduction loss = mean Thl current x 1.5n tj 
= mean Th, current x 22.5. 
For f= 100OHzt T= 1000ps, tn= 690ps., I 
min = 
12.5A; loss = 277W. 
(b) Thyristor string Th2 (Figure VI. 1 (Q1, -] 
Assuming constant Th2 current at value Ifs 
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(a) Th, current 
24A 
0 
I- 
(b) Th2 current 
(c) Df current 
0 
0 
I 
50V 
180V 
(d) Voltage across 0 
one diode in Df 
350V 
(e) Voltage across 0 
one thyristor 
in Thl 
V310V 
350V 
(f) Voltage across o 
thyristor in Th2 
350V 
(g) Voltage across 
- one diode in D2 
-330V 
Figure VIA: Idealised individual thyristor and diode waveforms with 
representative values, for the 5kV variable frequency 
chopper. 
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t 
Th conduction loss 1.5n I- 
M2 
2 t2 fT 
I. t 
22.5 
T 
M2 
For f= 100OHz, T= 1000ps, tm2 = 175ps, If= 14. OA; loss = 5514. 
(c) Diode D2 (Figure VIA(a)) 
The shaded area of Figure VI. l(a) gives 
173,, 06 
D2 conduction loss- 
l. On d2161 24 sin(18.2xlo3t)dt T 
fo 
39700 
T 
For f= 100OHz, T= 1000ps, loss 7 40W. 
(d), Diode Df (Figure VI. I(c)) I 
For the exponential current decay from value Ifv 
p/106 
1.0 106 
f -R't/L Df conduction loss T "df' 
If eZ- Zdt 
0 
23000 
e-P 
/791 
Tf 
For f 100OHz, T -- 1000ps, I f. 14. OA, p= 113ps; loss 43W. 
- VI. 1.2 Thyristor and diode switching losses 
Where saturating reactors are used in series with the thyristors 
aI nd diodes, the switching losses are assumed to be negligible. For 
the only case where this is not so, namely, for diodes Df with the 
regulating diode voltage sharing network, t he reverse recovery loss 
is estimated from the measured heat sink temperature rise by the 
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procedure givenin reference 44. The method is as follows. 
Rate 6f heat flow from sink =hA i4(T -TA) watts 
and hh+h rc 
where h heat transfeý coefficient. (W/in2 OC) 
A= surface area =2x 5in.. x 5in. = 50in2 
= heat sink effectiveness factor 
T =: heat sink maximum temperature 80 0C 
TAý ambient temperature = 22 0C 
hr ý radiatio. n coefficient (W/in2 OC) 
he= convection coefficient (W/in2 OC) 
Square plates. of side 5in. artd separated by 2.2in. have 
hr=0.0022 W/in2 OC for an emissivity of 0.9. For unpolished 
aluminium, emissivity = 0.1, hence hr=0.0022 x 0.1/0.9 
0.000245 W/in2 OC. The appropriate nomogram gives h. 0.0041 for a 
measured temperature difference of 58 
0C 
at 100011z, giving a total 
h=0.00435 W/in2 OC.. The effectiveness factor q, allowing for less 
than the total plate area reaching the maximum temperature measured 
adjacent to the diode stud, is 0.81. 
Hence the total heat transfer is calculated to be 10.2W per 
plate at lOOOHz. The diode conduction loss at this frequency (section 
VI. 1.1) is 43/29 = 1.48W, giving a reverse recovery loss of 8.714 per 
diode. With 600V regulating diodes across the power diodes and 5kV 
applied, the number of diodes blocking this voltage is 8. Hence, the 
total switching loss is (8.7 x 8) 70W. This 16ss is'proportional 
to frequency provided the reverse recovery conditions are unaltered. ' 
In this case the D f, forw 
. 
ard cUrrent*interrupted I 
min ý 
12.5A and, 
24 7 
assuming the loss is proportional. to reverse recovery charge removed? 
which is in turn proportional to I min' 
the loss can be estimated from 
D reverse recovery loss = 70 xfx 
m3. n W. 
f 1000 12.5 
VI. 1.3 Resistance losses 
(a) Inductor L2. 
From Figure VI. l(a), the peak current through L2 is 24A. 
Therefore 
resistance loss = 
(ý4 173 
x R2 T 2- 
80,200 
T, W. 
For f= IOOOHz, T= 1000ps; loss = 80W. 
(b) Re*Sistor R!. 
Using measured values of r. m. s. line current, 
resistance loss in R' = (r. m. s. I d) 
2R' 
= 3.36(r. m. s. Id )2. 
For f IOOOHz, r. m. s. Id 13. OA; loss = 568W. 
VI. 2 R-C VOLTAGE SHARING NETWORK LOSS 
VI. 2.1 Loss in resistors RS 
This loss is calculated using the rpýp. value of the voltage waveform 
across the resistor. For each string, 
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nx (r=. volýag,, e 2 RS power loss R 
(a) RS across thyristors Thl, 
(Figure 6.1(e)). 
15 [ftm2 
_ 
660 
t2 Total RS power loss = Tx104 310 +t 
TrI2 
I 
dt + 3502 PI 
15 [3.68 
+ 12.3 T tM2 pi 
For f= 100OHz, T= 1000ps, t 200ps, p= 120ps; loss = 33W. M2 
(b) RS across thyristors Th2, 
(Figure VI. l(f)) 
Total R power loss 
15 F2502 173 + (t 173)35 Tx 1-0 4 -2 ml- S* 
Oý 
183 rtml 87]. 
T 
For f= 100OHz, T= 1000ps, tj, 690ps; loss = ilow. 
(c) RS across diodes D2, (Figure VI. l(g)) 
Total RS power loss 
15 x 330.2 (t - 173) 34xlO6 T mi 
48 173) 
For f= 100OHz, T= 1000ps, tm = 690ps; loss = 25W. 
(d) RS across diodes Df (Figure VI . 1(d)) 
t 
+f 
M2 (350) 
Total RS power loss 
29 02t 
ý350 
- K7)t)2 d]t 34xlOJT 
[18 
mj 
0 
M2 
29 '1 
802t + 
L502 
t -54- -X1 03 -ý 
L, 
ý 
Ml 3. M] 
For- f= 100OHz, T= 1000ps, tm = 690ps, tm = 200ps; loss = 26W. 
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VI. 2.2 Loss in resistors 
The loss for each string is given by substituting the appropriate 
values in the expression 
R power loss =n C(V r+Vf 
)f. 
log-(3502 + 
3102)f (a) For Thl, (Figure Iv. l(e)), R power loss 15 )4 
0.085 
0.276f. 
(b) For Th2, (Figure IV. l(f))) R power loss = 15 x 
0.085 (2 x 3502)f lo;, - 
= 0.313f. 
0.05 
(C) For D2, (Figure IV. l(g)), R power loss 15 x 1-0-, U-(3302)f 
0.0816f. 
(d) For Dfp (Figure IV. l(d))p R power loss = 29 x 
0.1 (3502)f 
lou 
= 0.355f. 
For f= 100OHz, these losses, in order,, are 276,313,82 and 355W. 
VI. 2.3 Saturating reactor core loss 
The core loss for the two HCR-cored inductors in-series with 
Th f and D2 and for the two 
Mumetal cores in series with Df is given 
35961 
in the manufacturer's data Loss in the ferrite core is assumed 
negligible. 
VI. 3 REGULATING DIODE VOLTAGE SHARING NETWORK LOSS 
Many assumptions are necessary in predicting these losses owing 
to the number of unknowns, and these are mainly based on experience. 
) 
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Their ultimate justification is provided by the adequacy of three, 
IW, 200V regulating diodes in series for fulfilling the duty without 
serious heating. There is only one exception which is noted. 
VI. 3.1 Steady state loss in the forward reýulating diodes Zf 
The manufacturer's . ýquoted maximum thyristor leakage current is 
15mA at 90OV. First, letting the voltage across just one thyristor 
be clipped to 60OV, for the other thyristors, 
leakage current = 
(5000 - 600) x 
15 
mA 14 900 
= 5.25mA. 
If now eight (: ý 5000/600) thyristors have their Zf diodes operating 
I and carrying the above current, then 
total regulating diode dissipation =8x 
525 
x 600 x duty cycle 103 
= 26 x 
forward blocking period 
T 
This is only very approximate. 
(a) Zf across thyristors Thl (Figure VI. l(e)) 
The foniard blocking period is (it M2 
+ p) approximately. 
For f= 100OHz, T= 1000ps, t 175ps, p= 113ps; loss = 5W. 
M2 
(b) Zf across thyristors T112 (Figure VI. I(f)) 
The forward blocking period is (t mi - 
173/2)vs. 
For f 100OHz, T= 1000ps, tm, = 710ps; loss 16W. 
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VI. 3.2 Steady state loss in the reverse regulating diodes Z_ 
The waveforms of reverse voltage across Th, and Th2 demonstrate 
that it is not worthwhile estimating the very small resulting 
regulating diode power dissipation. 0 
(a) Z across diodes D2 (Figure VI. l(g))* r 
The reverse blocking period is (t M1 - 
173)Vs. The method for 
forward thyristor blocking is then used. 
For f =. 100OHzt T= 1000ps, tml = 710ps; loss = 14W. 
(b) zr across diodes Df (Figure VI. l(d)) 
The reverse blocking period is t for 8 diodes, and t for a number mi M2 
whi-ch reduces from 17 (, -' 10000/600) to zero during t M2 , giving an 
average of 8 then. Hence the effective blocking period is (t MI 
+t 
m2 
for 8 diodes. 
For f= 100OHz, T= 1000ps, tmi = 710ps, t M2. = 
175ps; loss = 23W. 
VI. 3.3 Loss in regulating diodes Z at thyristor turn-on 
The saturating reactor in series with the thyristors controls 
this loss. After thyristor reverse recovery has left SR flux at 
or near the -(P value, the'leakage currents during reverse and forward r 
blocking have little effect. A linear mathematical approximation to 
the resetting magnetisation characteristic, and an assumed maximum 
turn-on time difference of say 2ps for the last 8 (ýý 5000/600) thyristors 
to turn-on, gives the charge flow through the regulating diodes. 
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(a) Zf across thyristors Thi 
The assumed linear AB-H characteristic of the 65 turn, HCR core, 
size llb, gives i 0.376t, and the charge flow 
q=0.188t2 IIC 
where t is in ps, and represents the time measured from the instant 
when only 8 thyristors r, ýmain blocking'. Then for the slowest turn-on 
thyristor (t = 2), q is 0.75pC. The resulting power dissipation in 
its shunt regulating diode Zf (600V total) is, using equation 6.1, 
0.75 dissipation at turn-on = 1.15 x 600 x -l-OT- xf 
0.52 = 
103- f. 
For the eight last blocking thyristors, this valu'e can be averaged 
giving 
total Z dissipation at turn-on 
8 0.52 
f2" 10-3- 
f 
2.08 -3 
103- x 
10 f 
For f= 100OHz; loss = 2W. 
(b) Zf across thyristors Th2 
The FX1076 ferrite core with 50 turns saturates in 1.14ps so that 
the saturated portion of its B-H characteristic must also be represented 
linearly for an assumed turn-on time difference. of 2ps. The current- 
time characteristic is approximately 
L t=l. 14 t=2 
0.285t + (4.33t - 4.6) 
t=o 
L 
t=l. 14 - 
4 
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1.14 2 
qf0.285t dt +f (4.33t - 4.6)dt 
0 1.14 
--=2.0911C. 
Again for the, 8 last blocking thyristors, 
total Z dissipation at turn-on = 1.15 x 
2*09 
x 600 x8f f 2xlO6 
= 5.8 x 10- 
3 f. 
For f= 100OHz; loss = 6W. 
VI. 3.4. Loss in reaulatina diodes Z at thyristor and diode reverse recovery 
For Thl, Th2 and D2 there will be no appreciable loss caused by 
voltage spikes generated by the 'reverse recovery current, since this is 
controlled by the series SR. The approach of Chapter 4 and illustrated 
in Figure 4.4 is used here, although mathematical approximation is 
adopted for simplicity. 
(a) Zr across thyristors Thl 
owing to device selection, the first 8 thyristors to block 
reverse voltage have a minority carrier lifetime differing little from 
an average measured value of 1.25ps. For a forward chopped current 
If of IMA, the internal charge natural decay is given by 
t/1.25 
q=1.25 X 13.3e 
The linear magnetisation curve approximation (i 0.376t) yields 
q=0.188t2. 
Equating these expressions. gives a solution o'f t= 3ps at which time the 
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reverse current is 1.12A. For an assumed reverse recovery time spread 
of 0.5ps above and below the average, the charge flow through Zr across 
the fastest recovery thyristor is 1.12liC, and for the 8th fastest it is 
zero, giving an average of 0.66liC. 
Total Z dissipation during 0.66 
r- reverse recovery .8x 
600 x 106 
2.7 
10T f 
For f= IOOOHz; loss = 3W. 
Z across. thyristors Th2- 
r 
Since these thyristors turn off under the influence of minimal 
reverse voltage, any effects due to reverse recovery charge flow can 
be safely neglected. 
(c) zr across diodes D2- 
Here the spread of minority carrier lifetimes (3ps to 4.5ps 
measured) is such as to make separate consideration of the extreme 
values desirable. The diode current is assumed to be sinusoidal with 
24A peak, and it is further assumed that the reverse recovery charge 
flow is equivalent to the chopping of 5A forwatd current. Hence the 
extreme exponential charge decay characteristics of the blocking 
diodes are 
q=5x 3e -t/3 
q=5x4.5 e 
For the 100 turn, HCR size llb core, i=0.16.1t, giving 
q=0.08lt2,. 
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The appropriate two solutions at which q=0 are tm5.5 and 7. Ops. 
The respective removed charge values are 2.4 and 3.9VC giving a 
difference value of 1.5VC. 
Averaging this value for 8 blocking diodes gives, 
total Zr dissipation during 
=' 8x 600 x 
1-5 f 
reverse recovery 2xlO6 
3.6 
= 1097 
f- 
For f= 100OHz; loss = 4. OW 
(d). Z across diodes D 
Diode reverse recovery current flows when the forward current 
I 
min reverts 
to Th, and the 0-5kV output voltage jump is impressed 
across D f* For the 8 fastest recovery diodes whose Zr 
's then operate, 
the extreme values of Q previously measured at 20A, 20OV, 45A/ps r 
rate of current fall, are 54pC and 75pC, giving AQ rý 
2111C. Assuming 
that AQ r 
is-proportional to the forward current interrupted.. (I min), 
individual (20OV) regulating diode =I min 
21 1.15' x 200 x-x -6T maximum dissipation 20 10 
0.241 
JQ 3.1 min 
With the most arduous conditions of I min = 
12.8A, f= 200OHz, 
required reg. diode poweiý rating > 6.2W. 
N. B. 1OW devices are used across fastest recovery diodes. 
Total Z dissipation 
1X0.241 
x3x 8) 
1 
min 
f 
rR 103 
2.9 1 f. 10ýr min 
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For f= 100OHz, I 
min = 
12.5; loss = 37W. 
The regulating diode power dissipation produced by its suppressing 
any hole storage voltage spike is neglected. 
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LIST OF PRINCIPAL SYMBOLS 
C Parallel voltage sharing capacitor (or capacitance) 
cc Commutating capacitor (or capacitance) 
C2 Voltage controlling capacitor (or capacitance) for shunt 
transformers 
f Operating frequency 
f Thyristor string voltage derating factor 
s 
f fm String experimental 
forward voltage factor 
f 
rm 
String experimental reverse voltage factor 
If Thyristor or diode forward current turned off 
Rate of fall of forward current at turn off 
Ih Thyristor holding current 
Irp Peak, reverse current during reverse recovery 
im Instantaneous saturating reactor magnetising current 
I 2pk 
Peak value of shunt transformer secondary current half-cycle 
Id D. C. chopper input current (mean) 
It D. C. chopper load current (mean) 
k D. C. chopper mark/period ratio 
L Inductor (or inductance) in series with the thyristor(s) 
L Shunt transformer total leakage inductance referred to the t2 
secondary side 
L Load inductance 
m Mark of chopper output voltage 
N Number of saturating-reactor turns 
n Number of thyristors or diodes in series 
Nj Shunt transformer primary turns per section 
N2 Shunt transformer secondary turns 
P Power pulse peak value 
p Space in chopper output voltage 
Qf Internal excess charge corresponding to If 
Qh Internal excess charge corresponding to*I h 
Qr Thyristor or diode removed reverse recovery charge 
AQ 
r 
Difference of removed reverse recovery charge between two devices 
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R. Resistor (or resistance)in series with C 
Rs Parallel voltage sharing resistor (or resistance) 
Rth Thyristor. leakage resistance 
R Shunt transformer total winding resistance referred to the t2 
secondary side 
RZ Regulating diode dynamic resistance 
R Load resistance 
T Period of the operating cycle (= I/f) 
T 
off 
Thyristor turn-off time 
trr Thyristor or diode reverse recovery time 
TA Ambient temperature 
Tj Device junction temperature 
Ts Device stud temperature 
At 
on 
Difference between thyristors' turn-on times 
trs Time for saturating reactor to magnetise1rom+4)s to --ýs 
tfs. Time for saturating reactor to magnetise from -: -4)s to +(Ps 
T Duration of shunt transformer secondary current half-cycle 
C2 
t 
mi 
Duration of thyristors Th, conduction in the mark m, 
t 
M2 
Duration of thyristors Th2 conduction in the mark m. 
Tk Load time constant, L Y, 
/R 
z 
V FBO 
Thyristor forward blocking voltage 
VF Peak forward voltage applied to the thyristor string 
VR Steady peak reverse voltage applied to the'thyristor string 
V RO 
Voltage applied from CC to provide thyristor turn-off (if >V R) 
Vf Individual thyristor forward voltage after turn-off 
r 
Individual thyristor steady peak reverse voltage at turn-off 
V 
zf 
Nominal voltage of . the regulating diode(s) Zf controlling the 
forward voltage across each thyristor 
V 
zr 
Nominal voltage of the regulating diode(s)iZ, controlling the 
reverse voltage across each thyristor or doe 
VdD. C. chopper input voltage 
V D. C. chopper output voltage (mean) across the load 
a Slope of the linearly rising line voltage waveform 
0 Steady-state thermal resistance 
61 Transient thermal impedance 
T Minority-carrier lifetime in the device n-base layer P 
(Ds Core saturation flux 
4'r doreretentivity flux 
